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Chapter 1 Introduction 
1.1 Background 
1.1.1 The coming aged society 
In recent years, due to the decrease of the birthrate and increase of the aged people, 
many countries in the world have faced the problem of aging population. The rapid 
declines in mortality and fertility after the World War II accelerated population of 
aging. Asia and Europe will become the two severely afflicted regions of this problem 
in the near future. For instance, in Japan, the percentage of people aged over 60s 
within the total population is the highest in the world: 30.5% in 2010. By 2025, one in 
every three people will be over 60s. When 2050 comes, 41.5% of Japanese will be 
elderly people. Population ageing will seriously influence not only the modern 
industry but also social welfare, medical system, social economy and almost all areas 
of social activities.  
Therefore, it is highly expected that new technologies such as robotics can be 
developed and come to play a central role to help to solve the serious social problems. 
1.1.2 From industrial robot to human friendly robot  
The word robot is originated from a Czech word ‘robota’ which means forced 
laborer. The Robotic Institute of America defines robot as a reprogrammable 
multi-functional manipulator designed to move materials, parts, tools, or specialized 
devices, through variable programmed motions for the performance of a variety of 
tasks. Nowadays, robots can help people complete desired works in many areas. 
The initial purpose of the robot was to liberate human from the heavy work in 
production lines of factories. In Japan, since 1960s, teaching playback based industrial 
robots has been already used in many factories. The industrial robot elevates the 
production efficiency and creates more economical value.  
However, recent advances in the robotic technology, on the other hand, try to carry 
robots out of the factories to help people in more aspects. As the rhythm of the 
modern life speeds up and the aged society is coming, human friendly robot, which 
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can directly interact with the human, such as in rescue, amusement, household, 
medical and welfare, becomes more and more important. In order to better solve the 
problems exerting in the coming aged society, how to develop human-friendly robot 
to support many aspects in aged people’s daily life needs to be carefully considered. 
By now, in the research field of human friendly robot for aged people, it appears 
many kinds of robot with different functions, respectively. They can be divided into 
two groups: 
 Human friendly robot which can provide mental support: in order to release 
the mental pressure or decrease the lonely feelings of the aged people, some 
amusement robots which can dance or perform as a pet has been researched.  
 Human friendly robot which can provide physical support: in order to take 
care of the physical ability loss of the aged people, some physical supporting 
robot, such as nursing care robot or rehabilitation robot, has been researched.  
In this thesis, we focus on the research of the second group: how to make robot 
provide human-friendly physical support to aged or disabled people. 
 
1.1.3 Physical interaction problem of the human friendly robot  
In order to realize the friendly physical interaction between the robot and human, 
it is important to solve the following three key technical problems: 
 Firstly, robot should measure and recognize its surrounding unknown 
environment as well as physically interacted objects. Among a lot of effective 
measurement designs, it is necessary to choose a rational design which can 
balance all tradeoff factors including accuracy of the measurement, efficiency 
of the measurement and cost of the design, etc.  
 Secondly, during the physical interaction, the robot should avoid any kinds of 
harms to human subjects, that is, the mechanical energy from the robot to the 
interacted objects should be kept limited.  
 Finally, structure design of the robot should fit with human’s physical and 
psychological properties. From the mechanical point of view, this structure 
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should fit with the complex joint structures of the human body so as to avoid 
any limitation acting on human joint’s motion.  
 
Fig. 1.1 Problems required to be solved for Human Friendly Robot Design 
 
In detail, as shown in Fig. 1.1, the three problems can be discussed as follows: 
 Measurement of the object: to estimate the object’s physical parameter 
Obviously, in human-robot physical interaction tasks, especially for those 
full-body manipulation tasks, as the first step, it is important to obtain the object’s 
physical properties. For example, when the robot is required to carry up a patient, the 
patient’s body information, such as center position of the mass, length of the body 
and so on, are necessary so as to control the total human-robot system. We can use a 
lot of sensors to measure the object’s information, such as the size of force or the 
contact position and so on, so that we can further estimate the object’s physical 
parameter. In the traditional industrial robot’s design, the force sensors are designed 
to equip at almost same location of the contact point, however, when we consider the 
contact problem in the human-robot physical interaction, for instance, when a 
nursing care robot is lifting up a person, it is required to perform full body 
manipulation with a lot of contact points between the robot and the person. The 
location of sensors and the position of the contact points may not coincide with each 
other, leading the new problem of object estimation. 
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 The robot’s passivity  
During the human robot interaction, the safety problem is a big issue that we need 
to consider. In the traditional industrial robot design, since the robot does not contact 
directly with the human, compared with some features which can prompt the effective 
production, the safety contact problem of the robot manipulator was not so crucial in 
those days. However, as the increasing needs of the human-robot friendly cooperation, 
the safety problem becomes more and more important in the robotic research. 
Fortunately, we can achieve this desired control purpose by focusing on the robot’s 
passivity. If we take the point of view of energy, once the energy exerted by the robot 
to the environment is limited under a certain value, the robot is passive and obviously, 
since there’s no more surplus energy, the robot’s motion can be safe.  
 
 Design of an appropriate robotic structure which is capable to adapt the human 
body’s structure 
Furthermore, it is also important to discuss on how to design a proper mechanical 
structure of a human friendly robot.  
In traditional industrial robot’s design, every motor equipped at a robot’s joint 
actually defines one rotation axis. These motors provide the strong power to the 
robot while prevent the joint’s motion in the extra D.O.F.s. Since the structure of 
each joint of human body is more complex with more than one D.O.F, when 
considering the case that human-robot directly connected with each other and need to 
complete one certain task with the cooperation, it is required that design of robot’s 
joint should perfect fit the human body’s structure. Obviously, the traditional 
mechanical design is difficult to satisfy this requirement. One solution to make 
robot’s design better fit the human body is to apply cable driven mechanism rather 
than using the system directly driven by a fixed axis motor. In this thesis, we propose 
a passivity based control method for a proper robot’s structure which has better fit 
with complex human body’s joint structure. 
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1.2 Previous Researches 
1.2.1 Estimation of the object’s physical parameter 
 
Fig. 1.1 RI-MAN carries up a person 
Considering the full body manipulation, such as to carry up a person by full robot 
arm and body of RI-MAN as shown in Fig.1.2 of [1] to [5], the previous research 
proposed to attach tactile sensor sheets onto the robot surface so as to measure the 
contact point positions as well as contact forces directly from the sensor sheet. 
However, such sensor sheet is not only too expensive but also easily be harmed during 
direct interaction. In addition, more time is required to sampling and process of the 
data from the two dimensional sensor sheets.  
On the other hand, Nagase proposed a method of estimating a contact point 
between a robot finger and an object by using a force sensor which is equipped at 
different location of the contact point [6]. By taking into account of measurement 
noise, the research formulated an objective function represented the error and 
introduced the Lagrange multipliers to choose an optimal solution so as the error be as 
small as possible. However, this research did not consider the case of multiple contact 
points.  
In nursing care job, human body is a redundant system due to its lots of D.O.Fs. 
This makes the computation to control of the cared person very difficult. In [7], Dong 
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proposed to reduce the unnecessary D.O.Fs of the human body to make the human 
model be simple. He also proposed an adaptive force control method to handle the 
human model uncertainties.  
Therefore, when we analyze the situation of the person be lifted up, we can regard 
his/her body as a simple geometrical shape so that the robot can complete the task at 
the real time. 
 
1.2.2 Passivity: Keep the Safe human-robot interaction  
In order to keep safe contact between the robot and human, many researches have 
been proposed such that to design the light weight of the robot body [8],[9], to design 
the high-performance torque-controlled joints[10], to design the impedance control 
[11]. 
For impedance control, if the impedance center is time constant, then it can keep 
the robot’s passivity, however, in the case when the impedance is time varying, the 
robot may lost its passivity.  
In order to realize the robot’s trajectory tracking as well as maintaining passivity, P. 
Li et al. proposed passive velocity field control (called PVFC[12] to [16]). This 
method first augments the robot system by creating a virtual passive energy storage 
element, such as a flywheel or a spring. Then, it creates a desired velocity field based 
on a desired trajectory so that the robot and the augmented system can correctly 
complete the trajectory tracking. After some proper design of the controller, the robot 
can asymptotically track the desired trajectory and satisfy the passivity.  However, 
this control law is too complicated for real time control.  
In order to overcome the influence of time-varying desired trajectory to the 
impedance control, Kishi et al. proposed passive impedance control by adjusting the 
scalar parameter of the desired velocity [17]. However, the approach could not cover 
the robot’s model uncertainties’ problem. 
In addition, although sliding mode control [19] is also proposed to realize robust 
tracking control of time-varying reference trajectory under the robot’s model 
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uncertainties, it is impossible to keep the robot’s passivity. P. Li et al. proposed 
adaptive PVFC [14] to take into account the robot’s model uncertainties’ problem. 
However, like the previous PVFC, this control law is too complicated for real time 
computation. 
 
1.2.3 Proper Structure Design: Cable-Driven Exoskeleton 
To realize better fit of a robot to human, recently, exoskeleton robot has been 
focused. Exoskeleton robots can be utilized on human’s activity support, rehabilitation 
works and so on. Compared to traditional planar robotic manipulator which support 
the user’s activity only depending on the connecting of end-effector and the human 
hand, the exoskeleton possesses a lot of superiorities [20]-[25]. Simply speaking, it 
can provide 3D interaction at the joint level while the traditional planar robot only 
supervised human hand motion. However, unfortunately, since the joints of human 
body are too complex, the fitness between the exoskeleton devices and human 
remains to be improved.  
In recent years, research of cable-driven exoskeleton robot becomes popular. 
Compared to other researches of exoskeleton [26]-[29], the cable-driven system is 
well known for their lightweight, low moving inertia, ease of the transformation and 
cheap. These features are desirable in human friendly devices and is started to be used 
in many kinds of applications, such as rehabilitation. 
However, Similar with the muscular system, cable-driven robots have two 
important characteristics: 
1) Cable has an inability that it can only actuate robots with positive tension force 
but not push.  
2) In order to make the system completely restrained, it is necessary to add the 
redundant cables into the system.  
Lack of the compression ability of the cables affects some abilities of the 
cable-driven robot, such as  
1. It affects the achievable place of the robot, which need to be considered both 
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in the construction of the cable’s distribution and in the control scheme of the 
cable-driven robot. 
2. It makes tension be necessary to be nonnegative and creates a big barrier for 
the control scheme. 
Considering the first term, there are some different classifications of the limited 
workspace, such as the Static Equilibrium Workspace [32], the Wrench Closure 
Workspace [33][34] and the Wrench Feasible Workspace [35][ 36]. 
 In fact, there are many researches focusing on the construction of the 
cable-driven robot’s appropriate control scheme for overcoming its problems shown 
in 1 and 2.  Oh and Agrawal [37] proposed a method which handle the nonnegative 
tension problem of the cable-driven robot using both LP (Linear Programming) and 
QP (Quadratic Programming) programming solver. Fang et al. [39] suggested a 
method of using PD control law to control the motion of cable-driven robot 
considering the optimal tension distribution. However, the admissible zone mentioned 
in these researches paper may not exist in some situations, which makes computer 
unable to complete the calculation of the tension distribution. Besides, optimization 
method used in the tension distribution would cause a lot of calculation time. 
Borgstrom [40] proposed a method which introduces a slack variable to enable the 
explicit computation of the near-optimal feasible start point leading to the rapid 
calculation of tension distribution. In order to handle the dynamical position tracking 
task of the cable-driven robot, Oh and Agrawal[38] have attempted to build iterative 
computational framework which first calculate the reachable domain based on the 
initial position considering the nonnegative tension input constraint and then 
determine the most appropriate desired position which is the closest one toward to the 
final desired position in this feasible domain. However, the algorithm proposed in this 
research is too complicated leading a lot of calculation time. Moreover, the 
computation difficulty would increase fast along with the augment of the cable’s 
quantity. This research also left the problem that the final desired position moves in a 
trajectory was not considered. 
 
9 
 
1.3  Research Purposes of the Thesis 
The research work presented in this thesis addresses the issues related to the 
design of human friendly robot. The major research purposes of this thesis are 
outlined as follows.  
Firstly, this thesis studies optimal estimation of interacted object’s physical 
parameters, such as the center of gravity of the object based on the contact point and 
contact force estimation from force sensors equipped on the robot arms. Considering 
the case when we are asking a robot to perform nursing care tasks, such as to carry up 
a person by two arms, it is clear that, in order for a robot to realize physical 
interaction with a heavy person, full body manipulation is effective. During full body 
manipulation, the cared person’s center of gravity should be estimated so as to avoid 
dropping of him or her. On the other hand, full body manipulation also cause that the 
robot may contact human with multiple contact points. The position of the sensor may 
not coincide with the contact points. In this research, multi axed force sensor that is 
located at different position from the contact points to estimate optimally the 
interacted object’s physical parameters is used. Two cases, (1)when a robot arm is 
contacting with an object at one point or two points, and (2) when two robot arms is 
holding an common object, are studied. Experiments and simulations are performed to 
show the effectiveness of our approach. 
The second research in this thesis focuses on the robot’s safety problem from the 
view of the passivity meaning that robots do not add any surplus energy to the 
environment. It is clear that, there are two factors that influence the robot’s passivity. 
One comes from the time-varying reference trajectory of robot. Another is due to the 
robot’s model uncertainties when performing nonlinear dynamic control. To reduce 
the effect from the robot’s model uncertainties, in this thesis, two control methods are 
proposed. Firstly, by carefully adjusting the estimation parameters of the robot, it 
shows possibility to use simple PD like control to keep the robot’s passivity. However, 
since the trajectory tracking performance as well as the force response result are not 
improved even by using this PD like control method, we further design observer 
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based passive impedance control method to observe the effect from the model 
uncertainties so as to keep the robot’s passivity as well as desired impedance control’s 
results. The effectiveness of these approaches is evaluated using computer 
simulations. 
Considering the possibility of the robotic rehabilitation, the last study of the thesis 
pay attention to the fitness between the robot and human, a passivity based control 
design is performed for a robot with cable-driven structure to realize better fitness 
with the complex human body joint structure. Taking into account of the limitations 
that the cable driven robot has high redundant actuation and cable tension needs to be 
kept in a certain range, the passive velocity field control (PVFC) method is extended 
for the redundant cable-driven robot system to realize not only passivity but also 
tracking performance. The effectiveness of these approaches is also evaluated using 
computer simulations. 
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Chapter 2 Robot Dynamics and Control  
 
This Chapter describes basic dynamics and control approaches for a robot 
manipulator that will be used in the following chapters. 
2.1 Property of Robot Dynamics 
2.1.1 Lagrange Equation 
Considering a mass-point system with n D.O.F, the generalized coordinate can be 
set as 𝑞1, 𝑞2⋯𝑞𝑛. A three-dimensional position vector 𝒙𝑣 in an inertial coordinate 
system ∑𝑈 of an arbitrary mass point Pv belonging to this system is represented as  
𝒙𝑣 = 𝒙𝑣(𝑞1, 𝑞2⋯𝑞𝑛, 𝑡)                    (2.2.1) 
From the Newton's rule of motion, we have 
            𝑚𝑣𝒙?̈? = 𝑭𝒗                          (2.2.2) 
where 𝐹𝑣 is applied force on the mass point Pv and 𝑚𝑣 is the mass of this point.  
The force 𝑭𝑣𝑔exerted by the potential energy U can be denoted as  
𝑭𝒗𝒈 = −
𝜕𝑈
𝜕𝒙𝒗
                        (2.2.3) 
The kinetic energy T can be shown as  
                           𝑇 = ∑
1
2
𝑚𝑣𝒙?̇?
𝑻𝒙?̇?𝑣                      (2.2.4) 
The Lagrangian is calculated as  
𝐿 = 𝑇 − 𝑈 = ∑
1
2
𝑚𝑣𝒙?̇?
𝑻𝒙?̇?𝑣 − 𝑈(𝒙, 𝒚)               (2.2.5) 
where  
𝒙?̇? = ∑
𝜕𝒙𝒗
𝜕𝑞𝑖
𝑣 𝑞?̇? +
𝜕𝒙𝒗
𝜕𝑡
                    (2.2.6) 
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𝜕𝒙?̇?
𝜕𝑞?̇?
=
𝜕𝒙𝒗
𝜕𝑞𝑖
                             (2.2.7) 
𝜕𝐿
𝜕𝑞?̇?
= ∑ 𝑚𝑣(𝒙𝒗̇ )
𝑇
𝑣
𝜕𝒙?̇?
𝜕𝑞?̇?
= ∑ 𝑚𝑣(𝒙𝒗̇ )
𝑇
𝑣
𝜕𝒙𝒗
𝜕𝑞𝑖
    (2.2.8) 
𝜕𝐿
𝜕𝑞𝑖
=
𝜕(𝑇−𝑈)
𝜕𝑞𝑖
= −
𝜕𝑈
𝜕𝑞𝑖
                   (2.2.9) 
From the Eq. 2.2.2 ,Eq. 2.2.3,Eq. 2.2.8 and Eq. 2.2.9, it can be derived that  
𝑑
𝑑𝑡
(
𝜕𝐿
𝜕𝑞?̇?
) −
𝜕𝐿
𝜕𝑞𝑖
= ∑ 𝑚𝑣𝒙?̈?
𝑇
𝑣
𝜕𝒙𝒗
𝜕𝑞𝑖
+
𝜕𝑈
𝜕𝑥𝑣
𝜕𝒙𝒗
𝜕𝑞𝑖
                     
    = ∑ (𝑭𝒗 − 𝑭𝒗𝒈)𝑣
𝜕𝒙𝒗
𝜕𝑞𝑖
 = 𝑄𝑖          (2.2.10) 
where 𝑄𝑖 represent the generalized force corresponding to 𝑞𝑖. Eq. 2.2.10 is called 
the Lagrange Equation. 
 
2.1.2 Robot Dynamic Model derived from the Lagrange Equation 
 
Fig.2.1.1 Physical parameters of a 2 D.O.F robot 
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Fig. 2.1.1 shows a manipulator model with 2 D.O.F, each physical parameter can 
be denoted as below: 
 𝑞𝑖： Rotation angle of the joint i 
 𝑚𝑖： Mass of the link i 
 𝐼𝑖： Moment of the inertial of link i which have the direction parallel to the z axis 
and pass through the center of mass 
 𝐿𝑖： The length of the link i 
 𝑙𝑖： The length between the joint i and the center of the mass of link i 
 
Generally, the kinetic energy of a rigid body is denoted as  
𝑇 =
1
2
𝑚?̇?𝑇?̇? +
1
2
𝑤𝑇𝐼𝑤                      (2.2.11) 
where m is the mass of the rigid body, wis the rotation velocity, ṡ denote the 
translational velocity, I represent the inertial tensor. Considering the motion of the 
link 1, the kinetic energy 𝑇1 and the position energy 𝑃1 (potential energy) can be 
computed as  
{
           𝑇1 =
1
2
𝑚1𝑙1
2𝑞1̇
2 +
1
2
𝐼1𝑞1̇
2
𝑃1 = 𝑚1𝑔𝑙1𝑠𝑖𝑛 (𝑞1)
                   (2.2.12) 
where g represents the gravity acceleration. Then, the position of the center of the 
mass of link 2 can be calculated as  
𝑆2 = [
𝐿1 𝑐𝑜𝑠(𝑞1) + 𝑙2 𝑐𝑜𝑠(𝑞1 + 𝑞2)
𝐿1 𝑠𝑖𝑛(𝑞1) + 𝑙2 𝑠𝑖𝑛(𝑞1 + 𝑞2)
]                         
The kinetic energy T2 and position energy (potential energy) of link 2 can thus be 
shown as  
{
𝑇2 =
1
2
𝑚2𝑆2̇
𝑇
𝑆2̇ +
1
2
𝐼2(𝑞1̇ + 𝑞2̇)
2
              𝑃2 = 𝑚2𝑔(𝐿1 𝑠𝑖𝑛(𝑞1) + 𝑙2 𝑠𝑖𝑛(𝑞1 + 𝑞2))
            (2.2.13) 
Afterwards, by using the Lagrangian L calculated as 𝐿 = 𝑇1 + 𝑇2 − 𝑃1 − 𝑃2 and 
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using Eq. 2.1.10, Equation of the robot’s dynamic motion can be derived as  
{
                       𝜏1 = 𝑀11𝑞1̈ +𝑀12𝑞2̈ + 𝐶122𝑞2̇ + 2𝐶112𝑞1̇𝑞2̇ + 𝑔1
𝜏2 = 𝑀21𝑞1̈ +𝑀22𝑞2̈ + 𝐶211𝑞1̇ + 𝑔2
       (2.2.14) 
where  
𝑀11 = 𝑚1𝑙1
2 + 𝐼1 +𝑚2(𝐿1
2 + 𝑙2
2 + 2𝐿1𝑙2 𝑐𝑜𝑠(𝑞2)) + 𝐼2 
𝑀12 = 𝑀21 = 𝑚2(𝑙2
2 + 2𝐿1𝑙2 𝑐𝑜𝑠(𝑞2)) + 𝐼2 
𝑀22 = 𝑚2𝑙2
2 + 𝐼2 
𝐶122 = 𝐶112 = −𝐶211 = −𝑚2𝐿1𝑙2 𝑠𝑖𝑛(𝑞2) 
    𝑔1 = 𝑚1𝑔𝑙1 𝑐𝑜𝑠(𝑞1) + 𝑚2𝑔(𝐿1 𝑐𝑜𝑠(𝑞1) + 𝑙2 𝑐𝑜𝑠(𝑞1 + 𝑞2)) 
    𝑔2 = 𝑚2𝑔𝑙2 𝑐𝑜𝑠(𝑞1 + 𝑞2) 
Rewrite Eq. 2.2.14, we can get  
   𝑴(𝒒)?̈? + 𝑪(𝒒, ?̇?)?̇? + 𝒈(𝒒) = 𝝉                  (2.2.15) 
where 𝑴(𝒒) ∈ ℜn×n is the inertial matrix,𝑪(𝒒, ?̇?)?̇? ∈ ℜ1×n is the Coriolis and 
centrifugal force vector. 𝛕 is the applied joint torque  
Note that, in Eq. 2.2.15, the relation between 𝑴 and 𝑪 satisfies  
?̇?(𝒒) − 2𝑪(𝒒, ?̇?) = −(?̇?(𝒒) − 2𝑪(𝒒, ?̇?))
𝑻
             (2.2.16) 
That is, ?̇?(𝒒) − 2𝑪(𝒒, ?̇?) is a skew-symmetric matrix. 
2.2  Trajectory Tracking: Construction of the Desired Velocity Field 
For the robot dynamics in Eq.2.2.15, it is well known that, by PD control [42] 
𝝉 = −𝑫𝟎?̇? − 𝑲𝟎(𝒒 − 𝒒𝒅)                    (2.3.1) 
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the robot’s position 𝒒 can convergence to the desired constant position 𝒒𝒅. Where 
𝑫0, 𝑲0 is the ratio of damping and stiffness respectively. The tracking ability of this 
method can be proved as follows: 
We can construct an Lyapunov function as  
𝑉𝐿 =
1
2
?̇?𝑇𝑀?̇? +
1
2
(𝑞 − 𝑞𝑑)
𝑇𝐾0(𝑞 − 𝑞𝑑)            (2.3.2) 
and its derivative can be formulated as 
𝑉?̇? = ?̇?
𝑇𝑀?̈? +
1
2
?̇?𝑇?̇??̇? + ?̇?𝑇𝐾0(𝑞 − 𝑞𝑑)          (2.3.3) 
after substituting  (2.2.15), (2.2.16) and (2.3.1), we can obtain  
𝑉?̇? = −?̇?
𝑇𝐷0?̇?                        (2.3.4) 
It is obvious that 𝑉?̇? is semi-positive definite, which means that robot’s tracking 
system is stable and robot’s position 𝒒 is able to convergence to the desired constant 
position 𝒒𝒅. 
On another hand, when the robot is required to track a time varying trajectory, if we 
only use PD control, with the change of the desired position, robot performs the 
simple point-to-point tracking control to minimize the trajectory tracking error 𝒆 at 
every instant of time.  
As pointed out in Li’s research [12] and others, trajectory tracking error does not 
reflect how well the contour is being followed. As seen from Fig. 3, by using Eq. 
(2.3.1), the robot in fact leaves the desired contour to catch up the desired location 
specified by the timed trajectory. When the robot is required to complete a certain 
contour following, PD control based on the trajectory tracking error is invaluable. On 
the other hand, from Fig. 3, the contour error, which denotes the error between robot’s 
position and the nearest position in the desired contour, actually can describe whether 
the contour is being followed or not. 
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Fig. 3 Position based Desired Velocity Field 
In order to trace the trajectory, it is proposed to formulate the objective motion of 
the robot as a velocity vector field 𝐕(𝐪) (time invariant) with respect to the robot’s 
position vector q. As shown in Li’s work [10], if 𝐪 ∈ ℊ  (a m-dimension 
configuration manifold), then we can denote the tangent space of ℊ as Tqℊ at one q 
and desired velocity field V is a map 𝐕: ℊ → Tℊ;      𝐪 → 𝐕(𝐪)  where Tℊ =
⋃ Tqℊq∈ℊ , Tℊ is the tangent bundle of the manifold ℊ. 
Note that, 𝑽(𝒒) is a desired velocity vector at each point in the workspace, which 
replaces the task of tracking the final trajectory by the tracing of the desired vector at 
each point. 
In order to build the map 𝑽(𝒒), firstly, we construct a potential function 𝑃𝑜(𝒒) 
with respect to 𝒒 and this function is required to have the maximum value at the 
desired trajectory leading 𝑃𝑜(𝒒)’s gradient can have the minimum size zero at the 
desired trajectory and  can represent the normal vectors of the desired trajectory. 
 
Contour error 
Robot’s position 
Desired Contour 
Desired Position 
Trajectory tracking error 
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Therefore, gradient of 𝑃𝑜(𝒒) can be used as one part of 𝑉 and can be denoted as 𝑽
𝒏. 
On the another side, we can also design a perpendicular vector of this gradient as the 
tangential vector of the desired trajectory which is required to have smaller size at 
points away from desired trajectory and have maximum size at the desired trajectory. 
This vector can be denoted as 𝑽𝒕.Both normal and tangential desired vector constitute 
a desired velocity vector 𝑽 at each point (𝑽 = 𝑽𝒕 + 𝑽𝒏).  
For example, when the robot is required to trace a desired circle, the contour error 
can be represented as  
𝑑 ≡ |√(𝑥𝑟 − 𝑥0)2 + (𝑦𝑟 − 𝑦0)2 − 𝑅|                      
where (𝑥𝑟 , 𝑦𝑟) denotes the robot’s position and  (𝑥0, 𝑦0) denotes the center point of 
the desired circle, 𝑅 is the radius of the circle.  
Then, potential function 𝑃𝑜(𝒒) can be chosen as  
𝑃(𝑥𝑟 , 𝑦𝑟)  = 𝑒𝑥𝑝 (−
𝑑2
𝜎2
)                (2.3.5) 
𝑽𝒏 and 𝑽𝒕 can be designed as  
𝑽𝒏 = 𝑔𝑟𝑎𝑑𝑃(𝑥𝑟, 𝑦𝑟) =
−2𝑑
𝜎2
𝑒𝑥𝑝 (−
𝑑2
𝜎2
) (
(𝑥𝑟−𝑥0)
√(𝑥𝑟−𝑥0)2+(𝑦𝑟−𝑦0)2
,
(𝑦𝑟−𝑦0)
√(𝑥𝑟−𝑥0)2+(𝑦𝑟−𝑦0)2
)
𝑇
 (2.3.6) 
𝑽𝑡 = 𝑒𝑥𝑝 (−
𝑑2
𝜎2
) (
𝑦𝑟−𝑦𝑑
√(𝑥𝑟−𝑥0)2+(𝑦𝑟−𝑦0)2
,
−(𝑥𝑟−𝑥𝑑)
√(𝑥𝑟−𝑥0)2+(𝑦𝑟−𝑦0)2
)
𝑇
              (2.3.7) 
The desired velocity vector at each point can be calculated as  
𝑽 = 𝑽𝒏 + 𝑽𝒕 
The desired trajectory is set as a circle (shown in Fig. 5 (a)) with center point 
[0.8;0.8] and radius r = 0.5.  
The following chapter will consider the tracking control based on such velocity 
vector field. 
18 
 
 
(a) Size of the Gradient of 𝐞𝐱𝐩(−
𝒅𝟐
𝝈𝟐
) 
 
(b)  𝑽𝒏 
 
(c) 𝑽𝒕 
 
(d) Velocity Field of the Desired Circle  
Fig.5 Design of the Velocity Field 
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2.3   Impedance Control 
 
Fig. 6 A Mass Spring Damper System 
 
In the case when the robot is required to make physical interaction with its 
environment[8], Impedance control was proposed. Impedance control actually makes 
the end-effector of the robot perform a desired dynamics. The desired performance of 
the robot is specified through a generalized dynamic impedance as shown in Fig. 6, 
namely a complete set of mass-spring-damper equations (typically chosen as linear 
and decoupled, but also nonlinear). It is usually formulated as  
           𝑴𝒅?̈? + 𝑫𝒅?̇? + 𝑲𝒅(𝒙 − 𝒙𝒅) = 𝒇𝒆               (2.4.1) 
where 𝑴𝒅, 𝑫𝒅, 𝑲𝒅  are the desired mass, damping ratio and stiffness of the 
impedance in Fig. 6, respectively; 𝒙 ∈ ℜ𝑚 is the position of the robot, 𝒙𝑑 denotes 
the desired position of the robot. We can set the parameter presented above as 
𝑴𝒅 = 𝑑𝑖𝑎𝑔[𝑚𝑑1,…,𝑚𝑑𝑚]   𝑫𝒅 = 𝑑𝑖𝑎𝑔[𝑑𝑑1,…,𝑑𝑑𝑚]  𝑲𝒅 = 𝑑𝑖𝑎𝑔[𝑘𝑑1,…,𝑘𝑑𝑚]                           
which are constant matrices and designed concerning the task requirement.  
Note that, robot’s dynamics represented in eq. (2.2.15) is a nonlinear system. In 
order to make the end-effector of the robot mimic the linear impedance behavior of eq. 
(2.4.1), if the dynamics of the robot is known, we can set the control input torque with 
a properly designed nonlinear compensation as  
𝝉 = 𝑴(𝒒)𝑱−𝟏(𝒒){𝑴𝒅
−𝟏(−𝑫𝒅?̇? − 𝑲𝒅(𝒙 − 𝒙𝒅) + 𝒇𝒆) − 𝑱(𝒒)̇ ?̇?} +  𝑪(𝒒, ?̇?)?̇? − 𝑱
𝑻𝒇𝒆 
  (2.4.2) 
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 In the following chapter, the cases when the desired position xd is time varying 
and when the dynamics of the robot is unknown will be studied. 
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Chapter 3 Estimation of an Object’s Physical 
Parameter by Force Sensors of a 
Dual-arm Robot  
In this chapter, the thesis first studied on optimal estimation of the interacted 
object’s physical parameters, such as the center of gravity of the object based on the 
contact point and contact force estimation from force sensors equipped on the robot 
arms. Considering the case when we are asking a robot to perform nursing care tasks, 
such as to carry up a person by two arms, it is clear that, in order for a robot to realize 
physical interaction with a heavy person, full body manipulation is effective. During 
full body manipulation, the robot may contact with human at multiple contact points, 
the cared person’s center of gravity should be estimated so as to avoid dropping of 
him or her.  
Previous researches usually use tactile sensor sheets to measure the interaction 
position and force, directly. However, such sensor sheet is not only too expensive but 
also easily be harmed during direct interaction. In addition, more time is required to 
sampling and process of the data from the two dimensional sensor sheet.  
In this research, the thesis proposed to use multi axed force sensor that is located 
at different position from the contact points to estimate optimally the interacted 
object’s physical parameters. Two cases, (1)when a robot arm is contacting with an 
object at one point or two points, and (2) when two robot arms is holding an common 
object, are studied. Experiments and simulations are performed to show the 
effectiveness of our approach. 
In detail, the thesis considers the object lift up motion by a nursing care robot, 
such as the robot shown in Fig.3.1 
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Fig.3.1 A nursing-care robot 
 
 
 
Fig.3.2 Degree of freedoms of the robot 
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The upper body of the nursing care robot is designed in a humanoid type with 14 
degrees of freedom as shown in Fig.3.2．The 14 degrees of freedom contains 2 D.O.F 
of the neck joint of the head, 3 D.O.F of shoulders joints both on left and right side, 2 
D.O.F of elbow joints both on left and right side, 2 D.O.F of hip joints. The total 
length of the robot is 1.5m high with the mass of about 100kg．In order to measure the 
interaction with the external objects, two force sensors with 6 D.O.F. are equipped at 
the upper arms of the robot. 
The following Section 1 shows our method on estimation of object’s center of 
gravity. Section 2 shows simulation settings and result. In section 3, we show the 
experiment results which indicate that we can steady estimate the position of center of 
gravity with little error. 
 
3.1 Estimation of an Object’s Physical Parameter 
3.1.1 Estimation of the Contact Position when contact with one point 
a) The Model and Formulation 
In order to estimate the contact position between the robot arm and the object by 
using the 6-axis force sensor which is installed on the upper arm part of the robot, the 
model can be assumed as Fig.3. 3.  
 
Fig.3.3 Contact between a robot arm and an object 
 
 For simplicity, here the robot arm can be assumed as a cylinder with radius r. The 
origin of the sensor coordinate system Σsis set as the center of the sensor. In addition, 
there are two coordinate systems of the elbow (the pivot axis coordinate system ΣE 
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and the flexion axis coordinate system ΣH ). The rotation matrix performing 
coordinate transformation can be represented as 𝑹𝑬
𝑯 , 𝑹𝑺
𝑬 .  Moreover, the vector 
from the origin of the flexion axis coordinate system to the contact point and the 
contact force can be set as 𝐏𝐇𝐂
𝐇  and 𝐅𝐂
𝐇 , respectively. S is a projecting matrix 
from XYZ space to the XY plane. The force and moment acted on the origin of the 
flexion coordinate system is represented as 𝑭𝑺
𝑯 , 𝑴𝒇
𝑯 . Moreover, 𝑭𝑺
𝑺  𝑴𝒇
𝑺 are the 
force and the moment observed from the origin of the force sensor coordinate. Thus, 
the coordinate transformation from the sensor coordinate system to the flexion axis 
coordinate system can be 
(
𝑭𝑺
𝑯
𝑴𝒇
𝑯 ) = (
𝑹𝑬
𝑯 𝟎
[ 𝑷𝑬𝑯 ×
𝑯 ] 𝑹𝑬
𝑯 𝑹𝑬
𝑯 )(
𝑹𝑺
𝑬 𝟎
[ 𝑷𝑺𝑬 ×
𝑬 ] 𝑹𝑺
𝑬 𝑹𝑺
𝑬 )(
𝑭𝑺
𝑺
𝑴𝒇
𝑺 )        (3.1.1)  
If there exists no noise, then  
𝑭𝑺
𝑯 = 𝑭𝑪
𝑯  
𝑴𝒇
𝑯 = 𝑷𝑯𝑪
𝑯 × 𝑭𝑪
𝑯                  (3.1.2) 
Since the contact point is on the surface of cylinder, thus 
𝒈(𝑺 𝑷𝑯𝑪
𝑯 ) = ‖𝑺 𝑷𝑯𝑪
𝑯 ‖
𝟐
− 𝑟2 = 𝟎          (3.1.3) 
Because the contact force only exist on the direction into the cylinder, it is 
concluded that 
(𝑺 𝑷𝑯𝑪
𝑯 )
𝑻
𝑭𝑺
𝑯 ≤ 𝟎                    (3.1.4) 
Here, 𝑷𝑬𝑯
𝑯  and 𝑷𝑺𝑬
𝑬  are already known. If there exists some noises, the 
determination of the contact position 𝑷𝑯𝑪
𝑯  becomes a problem． 
Since the existence of the noises, the balance of the eq. (3.1.2) has been broken 
and the error 𝒆 can be calculated as  
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𝒆 = 𝑭𝑺
𝑯 × 𝑷𝑯𝑪
𝑯 + 𝑴𝒇
𝑯                 (3.1.5) 
From Eq. (3.1.5), it is obvious that there exists an optimal estimation of 𝑷𝑯𝑪
𝑯  
minimizing the error value 𝒆. We can form an objective function subjected to two 
constraints to solve error e’s minimization problem. 
{
 
 
 
 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛:     ‖𝒆‖2 = ‖ 𝑭𝑺
𝑯 × 𝑷𝑯𝑪
𝑯 + 𝑴𝒇
𝑯 ‖
2
𝑆. 𝑇.      Ⅰ.   𝑔(𝑺 𝑷𝑯𝑪
𝑯 ) = ‖𝑺 𝑷𝑯𝑪
𝑯 ‖
2
− 𝑟2 = 0             
                  Ⅱ.   (𝑺 𝑷𝑯𝑪
𝑯 )
𝑇
𝑭𝑺
𝑯 ≤ 0                                             
     (3.1.6) 
The method of Lagrange multipliers can be used to solve this optimization 
problem. 
b) Derivation of analytical solution 
Firstly, in order to solve the optimization problem of Eq. (3.1.6), it is necessary to 
only consider the objective function and the constraintⅠ . Then, by imposing 
constraint Ⅱ, we can get the solution of Eq.(3.1.6). The Lagrange function can be 
formed based on the objective function and constraintⅠ . 
𝐿 =
1
2
‖[ 𝑭𝑺
𝑯 ×] 𝑷𝑯𝑪
𝑯 + 𝑴𝒇
𝑯 ‖
𝟐
 +
1
2
𝜆 (‖𝑺 𝑷𝑯𝑪
𝑯 ‖
𝟐
− 𝑟2)     (3.1.7) 
The first necessary condition of the Lagrange function for calculating the optimal 
solution of PHC
H  is that  
𝝏𝑳
𝝏 𝑷𝑯𝑪
𝑯 = [ 𝑭𝑺
𝑯 ×]
𝑻
([ 𝑭𝑺
𝑯 ×] 𝑷𝑯𝑪
𝑯 + 𝑴𝒇
𝑯 ) + 𝜆            (3.1.8) 
𝜕𝐿
𝜕𝜆
=
1
2
(‖𝑺 𝑷𝑯𝑪
𝑯 ‖
2
− 𝑟2𝑺 𝑷𝑯𝑪
𝑯 = 𝟎)                 (3.1.9) 
Furthermore, the second order partial derivative of the Lagrange function about 
the PHC
H  can be formulated as 
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𝜕2𝐿
𝜕 𝑷𝑯𝑪
𝑯 2
= [ 𝑭𝑺
𝑯 ×]
𝑻
[ 𝑭𝑺
𝑯 ×] +  𝜆 𝑺               (3.1.10) 
Thus,  
𝒙𝑻
𝜕2𝐿
𝜕 𝑷𝑯𝑪
𝑯 2
𝒙 = ‖ 𝑭𝑺
𝑯 × 𝒙‖
2
+  𝜆‖𝑺𝒙‖2               (3.1.11) 
The second necessary condition of the Lagrange function can be described as 
𝒙𝑻
𝝏𝟐𝑳
𝝏 𝑷𝑯𝑪
𝑯 𝟐
𝒙 > 0   𝑥 ≠ 0 ∈ 𝑋 
𝑿 ≔ {𝒙|(𝑺 𝑷𝑯𝑪
𝑯 )
𝑻
𝒙 = 0}                (3.1.12) 
It is possible to derive the analytical solution of the problem to satisfy these two 
conditions. 
By multiplying the 𝑭𝑺
𝑯 𝑻 on the left side of the eq. (3.1.8), we get  
𝑭𝑺
𝑯 𝑻{− 𝑭𝑺
𝑯 × ( 𝑭𝑺
𝑯 × 𝑷𝑯𝑪
𝑯 + 𝑴𝒇
𝑯 ) + 𝜆𝑺 𝑷𝑯𝑪
𝑯 } = 𝜆 𝑭𝑺
𝑯 𝑻𝑺 𝑷𝑯𝑪
𝑯 = 0   (3.1.13) 
Therefore, it is obvious that the optimal solution can be solved in terms of two 
situations λ = 0  and 𝑭𝑺
𝑯 𝑻𝑺 𝑷𝑯𝑪
𝑯 = 0. 
𝒄𝒂𝒔𝒆 𝟏:       𝜆 = 0 
Eq. (3.1.8) becomes  
  − 𝑭𝑺
𝑯 × ( 𝑭𝑺
𝑯 × 𝑷𝑯𝑪
𝑯 + 𝑴𝒇
𝑯 ) = 0                 (3.1.14) 
Based on Eq. (3.1.14), 𝐏𝐇𝐂
𝐇  can be formulated as 
 𝑷𝑯𝑪
𝑯 =
𝟏
‖ 𝑭𝑺
𝑯 ‖
𝟐 { 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 + ( 𝑭𝑺
𝑯 𝑻 𝑷𝑯𝑪
𝑯 ) 𝑭𝑺
𝑯 }          (3.1.15) 
By substituting Eq. (3.1.15) into 𝒈(𝑺 𝑷𝑯𝑪
𝑯 ) of the Constraint Ⅰand solving the 
new 𝒈(𝑺 𝑷𝑯𝑪
𝑯 )  with variable 𝑭𝑺
𝑯 𝑻 𝑷𝑯𝑪
𝑯 , we can get the 𝑭𝑺
𝑯 𝑻 𝑷𝑯𝑪
𝑯 .  Therefore, 
27 
 
Eq. (3.1.15) becomes to Eq. (3.1.16).  
𝑷𝑯𝑪 =
𝑯 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯
‖ 𝑭𝑺
𝑯 ‖
𝟐 +
𝑭𝑺
𝑯
‖ 𝑭𝑺
𝑯 ‖
𝟐 {
− 𝑭𝑺
𝑯 𝑻𝑺( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )±√𝑾
‖𝑺 𝑭𝑺
𝑯 ‖
𝟐 }            (3.1.16) 
where 𝑾 = ‖ 𝑭𝑺
𝑯 𝑻𝑺( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )‖
𝟐
− ‖𝑺 𝑭𝑺
𝑯 ‖
𝟐
 (‖𝑺( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )‖
𝟐
− 𝑟2‖ 𝑭𝑺
𝑯 ‖
𝟒
)   
By multiplying Eq. (3.1.16) with 𝑭𝑺
𝑯 𝑻𝑺 and imposing the ConstraintⅡ, we will 
get Eqs. (3.1.17)  and  (3.1.18). 
𝑭𝑺
𝑯 𝑻𝑺 𝑷𝑯𝑪
𝑯 =
−√𝑊
‖𝑺 𝑭𝑺
𝑯 ‖
2                               (3.1.17) 
𝑷𝑯𝑪
𝑯 =
𝑭𝑺
𝑯 × 𝑴𝒇
𝑯
‖ 𝑭𝑺
𝑯 ‖
𝟐 +
𝑭𝑺
𝑯
‖ 𝑭𝑺
𝑯 ‖
𝟐 {
− 𝑭𝑺
𝑯 𝑻𝑺( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )−√𝑾
‖𝑺 𝑭𝑺
𝑯 ‖
𝟐 }   (3.1.18) 
Note that in eq. (3.1.18), since that it is necessary to make interior of the square 
root be positive so that we can get the optimal solution, eq. (3.1.19) need to be 
satisfied. 
𝛼 =
1
‖𝑺 𝑭𝑺
𝑯 ‖
2√𝑁 ,    𝑟‖ 𝑭𝑺
𝑯 ‖
2
> 𝛼             (3.1.19) 
where 𝑵 = ‖𝑺 𝑭𝑺
𝑯 ‖
𝟐
‖𝑺( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )‖
𝟐
− ‖ 𝑭𝑺
𝑯 𝑻𝑺( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )‖
𝟐
 
𝒄𝒂𝒔𝒆 𝟐:   𝑭𝑺
𝑯 𝑻𝑺 𝑷𝑯𝑪
𝑯 = 0 
Because 𝑭𝑺
𝑯 𝑻𝑺 𝑷𝑯𝑪
𝑯 = 0, the ConstraintⅡis satisfied. The inner product of   
eq. (3.1.8) and can 𝑺 𝑷𝑯𝑪
𝑯  be formulated as 
(𝑺 𝑷𝑯𝑪
𝑯 )
𝑻
{− 𝑭𝑺
𝑯 × ( 𝑭𝑺
𝑯 × 𝑷𝑯𝑪
𝑯 + 𝑴𝒇
𝑯 ) + 𝜆𝑺 𝑷𝑯𝑪
𝑯 }                
= (‖ 𝑭𝑺
𝑯 ‖
𝟐
+ 𝜆) 𝑟2 − (𝑺 𝑷𝑯𝑪
𝑯 )
𝑻
( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 ) = 0          (3.1.20) 
Considering the fact that 𝑷𝑯𝑪
𝑯 = 𝑺 𝑷𝑯𝑪
𝑯 + 𝒍𝒁 , the cross product of eq. (3.1.8) 
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and 𝑺 𝑷𝑯𝑪
𝑯  is  
(𝑺 𝑷𝑯𝑪
𝑯 ) × {− 𝑭𝑺
𝑯 × ( 𝑭𝑺
𝑯 × 𝑷𝑯𝑪
𝑯 + 𝑴𝒇
𝑯 ) + 𝜆𝑺 𝑷𝑯𝑪
𝑯 } 
= (𝑺 𝑷𝑯𝑪
𝑯 ) × {−( 𝑭𝑺
𝑯 𝑻𝒍𝒁) 𝑭𝑺
𝑯 + ‖ 𝑭𝑺
𝑯 ‖
𝟐
𝒍𝒁 − ( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )} = 𝟎        
(3.1.21) 
 The inner product of 𝒍𝒁 and Eq. (3.1.8) can be formulated as   
−( 𝑭𝑺
𝑯 𝑻𝒍𝒁) 𝒍𝒁
𝑻 𝑭𝑺
𝑯 + ‖ 𝑭𝑺
𝑯 ‖
𝟐
𝒍𝒁
𝑻𝒍𝒁 − 𝒍𝒁
𝑻( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )  = 0  (3.1.22) 
by considering  𝑷𝑯𝑪
𝑯 = 𝑺 𝑷𝑯𝑪
𝑯 + 𝒍𝒁. 
Set the 𝒍𝒁 = 𝒑𝒁𝒆𝒛, where 𝒆𝒛 = [0 0 1]
T. Based on the eq. (3.1.22), the solution 
of 𝑝𝑍 can be concluded as  
𝑷𝒁 = 𝟎,     𝑷𝒁 =
𝒆𝒛
𝑻( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )
‖𝑺 𝑷𝑯𝑪
𝑯 ‖
𝟐                  (3.1.23) 
Let 𝑪 = −( 𝑭𝑺
𝑯 𝑻𝒍𝒁) 𝑭𝑺
𝑯 + ‖ 𝑭𝑺
𝑯 ‖
𝟐
𝒍𝒁 − ( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 ) . From Eq. (3.1.21),   
𝑪 is parallel to the 𝑺 𝑷𝑯𝑪
𝑯 . Based on the Constraint Ⅰ 
𝑺 𝑷𝑯𝑪
𝑯 = ±𝑟
𝑪
‖𝑪‖
                        (3.1.24) 
In term of calculating the inner product of the 𝑺 𝑷𝑯𝑪
𝑯  and 𝑪, we get 
(𝑺 𝑷𝑯𝑪
𝑯 )
𝑻
𝑪 = −(𝑺 𝑷𝑯𝑪
𝑯 )
𝑻
( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )           (3.1.25) 
Based on Eq. (3.1.20) and Eq. (3.1.25), it is concluded that 
𝜆 = −‖ 𝑭𝑺
𝑯 ‖
𝟐
∓
‖𝑪‖
𝑟
                     (3.1.26) 
On the other hand, by substituting the  𝒍𝒁 = 𝑝𝑍𝒆𝒛  into the 𝑪 and reorganizing 
the formula, it is found that ‖𝑪‖ = 𝛼. Note that, the equation of 𝑪 after substituting 
the lZ states that the result of which  𝑃𝑍 =
𝒆𝒛
𝑻( 𝑭𝑺
𝑯 × 𝑴𝒇
𝑯 )
‖𝑺 𝑷𝑯𝑪
𝑯 ‖
𝟐  actually contains the result 
of which  PZ = 0.  
In order to satisfy the second order necessary condition defined in Eq.(3.1.11) and 
29 
 
(3.1.12), λ becomes 𝜆 = −‖ 𝑭𝑺
𝑯 ‖
2
+
‖𝑪‖
𝑟
 and 𝑟‖ 𝑭𝑺
𝑯 ‖
2
< 𝛼  need to be satisfied. 
𝑷𝑯𝑪
𝑯  can be formulated as 
𝑷𝑯𝑪
𝑯 = 𝑺 𝑷𝑯𝑪
𝑯 + 𝒍𝒁 = −𝑟
𝑪
‖𝑪‖
+ 𝒍𝒁              (3.1.27) 
In conclusion, when 𝑟‖ 𝑭𝑺
𝑯 ‖
2
> 𝛼, PHC
H  need to satisfy Eq.(3.1.18). When 
𝑟‖ 𝑭𝑺
𝑯 ‖
2
< 𝛼, 𝑷𝑯𝑪
𝑯  need to satisfy Eq.(3.1.27). 
 
3.1.2 Estimation of the Contact Position and Force when contact with two point 
As the analysis shown in [7], some D.O.Fs of the human body can be reduced 
when computing the control input. Thus, in order to analyze easily, we regard the 
human body as a simple pipe as in Fig.3.4. 
Based on the estimation of one point contact, it is possible to estimate the contact 
position and force when the robot arm contacts the object with two points. When there 
are two contact positions, according to Fig.3.4, we have  
𝑭𝑺 = 𝑭𝑨 + 𝑭𝑩,  𝑴𝒇 = 𝑷𝑨 × 𝑭𝑨 + 𝑷𝑩 × 𝑭𝑩          (3.1.28) 
where 𝐅𝐒 and 𝐌𝐟 represent the force and moment measured by sensor. 𝐏𝐀 and 𝐏𝐁 
is the vector from sensor’s center to points A and B. 𝐅𝐀 and 𝐅𝐁 are forces acting on 
the points. Note that, 𝑷𝑨,𝑷𝑩,𝑭𝑨,𝑭𝑩 are all located at the sensor coordinate system. 
From Fig. 3.4, it is known that  
‖𝑭𝑨‖ = 𝑭𝑺 ∙ 𝑰𝑶𝑨 , ‖𝑭𝑩‖ = 𝑭𝑺 ∙ 𝑰𝑶𝑩              (3.1.29) 
where IOA, IOB  represent two unit vectors of the directions from center of the 
cylinder to the two contact points and 𝑰𝑶𝑨, 𝑰𝑶𝑩  can be obtained using angles 
θ3 = θ1, θ4 = θ2. Thus, we can calculate 𝑭𝑨, 𝑭𝑩 as 𝑭𝑨 = ‖𝑭𝑨‖ ∙ 𝑰𝑶𝑨 , 𝑭𝑩 = ‖𝑭𝑩‖ ∙ 𝑰𝑶𝑩 
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Fig.3.4 Two contact point model 
 
Let the 𝑷𝑯𝑪𝑨
𝑯  and 𝑷𝑯𝑪𝑩
𝑯  denote the vector from the origin of the flexion axis 
coordinate system and the points A and B. 
Moreover, based on the analysis of the Fig.3.4, calculation of 𝑴𝒇 in (3.1.28) can 
be rewritten as  
         𝑀𝑓 = 𝑷𝑩 × 𝑭𝑺 + ( 𝑷𝑯𝑪𝑨
𝒔 − 𝑷𝑯𝑪𝑩
𝒔 ) × 𝑭𝑨         (3.1.30) 
where 𝑷𝑯𝑪𝑨
𝒔 − 𝑷𝑯𝑪𝑩
𝒔 = 𝑅 ∙ (𝑰𝑶𝑨 − 𝑰𝑶𝑩). 
Since the existence of the noises, the balance of the Eq. (3.1.30) has been broken 
and the error 𝒆 can be calculated as  
𝒆 = 𝑴𝒇 − 𝑷𝑩 × 𝑭𝑺 − ( 𝑷𝑯𝑪𝑨
𝒔 − 𝑷𝑯𝑪𝑩
𝒔 ) × 𝑭𝑨       (3.1.31) 
Since the third term ( ( 𝑷𝑯𝑪𝑨
𝒔 − 𝑷𝑯𝑪𝑩
𝒔 ) × 𝑭𝑨 ) in (3.1.31) can be already 
calculated and 𝑴𝒇, 𝑭𝑺 are already known, we also can construct an optimization 
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problem to get PB and further get PHCA
H  and PHCB
H  
{
 
 
 
 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛:     ‖e‖2 = ‖𝑴𝒇 −𝑷𝑩 × 𝑭𝑺 − ( 𝑷𝑯𝑪𝑨
𝒔 − 𝑷𝑯𝑪𝑩
𝒔 ) × 𝑭𝑨‖
2
𝑆. 𝑇.      Ⅰ.   𝑔(𝑺 𝑷𝑯𝑪𝑩
𝑯 ) = ‖𝑺 𝑷𝑯𝑪𝑩
𝑯 ‖
2
− 𝑟2 = 0           
Ⅱ.  (𝑺 𝑷𝑯𝑪𝑩
𝑯 )
𝑇
𝑭𝑩
𝑯 ≤ 0                           
 
       (3.1.32) 
By using the same analysis as in the single contact points’ situation in last section, 
we can calculate PB and further, it is possible to get PHCA
H  and  PHCB
H  by using 
simple geometry analysis. 
𝑷𝑯𝑪𝑨
𝑯 = (
𝑟
𝑅 𝑡𝑎𝑛 𝜃5 + 𝑟 𝑡𝑎𝑛 𝜃5
)                      
 𝑷𝑯𝑪𝑩
𝒔 = (
𝑟
−(𝑅 𝑡𝑎𝑛 𝜃5 + 𝑟 𝑡𝑎𝑛 𝜃5)
)                   
𝑷𝑯𝑪𝑩
𝑯 = 𝑅𝑆
𝑆𝑃𝐻𝐶𝐵
𝐻                        (3.1.33) 
 
C. Estimation of Physical parameter using dual-arm 
Since it is necessary to complete a work in cooperation using dual arm for a 
nursing care robot, the estimation of physical parameter using dual arm is very 
important. 
 
a) Coordinate Transformation of the contact position and force 
The contact force FS and contact position PHC in the sensor coordinate system 
can be represented as 
𝑷𝑺𝑪
𝑺 = 𝑹𝑬( 𝑹𝑯𝑷𝑯𝑪 + 𝑷𝑬𝑯
𝑬𝑬 ) + 𝑷𝑺𝑬
𝑺𝑺  ,  𝑭𝑺
𝑺 = 𝑹𝑬
𝑬𝑹𝑯𝑭𝑺
𝑺     (3.1.34)  
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b) Estimation of the cylinder’s center of gravity 
 
Fig. 3.5   Single contact point 
 
 
 
 
     Fig. 3.6 Dual contact point 
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Fig.3.7 Model of robot arms and circular cylinder 
𝑭𝑹 and 𝑭𝑳 denote respectively the forces action at the right and left arm. 𝑳𝑳, 𝑳𝑹 
denote the distance from contract position to the center of gravity. Thus, we can get  
𝑳𝑹𝑳 = 𝑳𝑳 + 𝑳𝑹 ,  ‖𝑭𝑹‖𝑳𝑹 = ‖𝑭𝑳‖𝑳𝑳                (3.1.35) 
Hence, it is concluded that   
𝑳𝑹 =
‖𝑭𝑳‖
‖𝑭𝑹‖ + ‖𝑭𝑳‖
𝑳𝑹𝑳 =
𝑭𝑳
‖𝑭‖
𝑳𝑹𝑳 
 𝑳𝑳 =
‖𝑭𝑹‖
‖𝑭𝑹‖+‖𝑭𝑳‖
𝑳𝑹𝑳 =
𝑭𝑹
‖𝑭‖
𝑳𝑹𝑳                  (3.1.36) 
Since the center of gravity 𝑷𝑮
𝒐  can be represented as  
𝑷𝑮
𝒐 = 𝑷𝑯𝑪
𝒐 + 𝑷𝑪𝑮
𝒐  
where 𝑷𝑯𝑪
𝒐  represent the vector from the origin of the origin coordinate system to 
the contact position, 𝑷𝑪𝑮
𝒐  denote the vector from contact position to center of 
gravity. 
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3.2 Simulation Result 
3.2.1 The Setting of the Robot’s model 
 
Fig.3.8 Model of robot with arms 
The model of the robot is used as a nursing care robot  under development as 
shown in Fig.3.1．The radius of the robot arm which regarded as a cylinder shape is 
setting as  0.05[m]. The relation parameter between each coordinate system is shown 
in Table 3.1. The gravity acceleration is g = 9.8[m/s2]．Moreover， since there are 
noises in the force and moment measured by the 6-axis force sensor, it is necessary to 
add random noises with a normal distribution.  
 
Right arm [m] Left arm [m] 
'OA
O P   T2.000   OA
O P   T2.000  
''
'
BA
A P   T1.000   AB
A P   T1.000  
''
'
DB
B P   T1.000   BD
B P   T1.000   
''
'
SD
D P   T11.000   DS
D P   T11.000  
''
'
ES
S P   T045.000   SE
S P   T045.000  
''
'
HE
E P   T07.000   EH
E P   T07.000  
Table 3.1 Link vector of robot links 
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3.2.2 The Model Settings of the Object 
The coordinate system as shown in Fig.3.8 is used. The rotation matrix between 
the coordinate systems is shown in Table 3.2 and the mechanical part that 10°of the 
shoulder and 30°of the arm has not been shown in the table. The physical parameter 
which the length L = 1[m], radius is R = 0.0825[m], mass is M = 3.8[kg] has 
already been known. The distance between two contact point is LRL = 0.597[m]．The 
posture of the robot has already set as two situations: contact object with (1) single 
point (2) dual points． 
 
'A
O
A
O


 
'
'
B
A
B
A


 
'
'
D
B
D
B


 
'
'
S
D
S
D


 
'
'
E
S
E
S


 
'
'
H
E
H
E


 
(1) 
90𝑜 
90𝑜 
−80𝑜 
80𝑜 
0𝑜 
0𝑜 
0𝑜 
0𝑜 
0𝑜 
0𝑜 
0𝑜 
0𝑜 
(2) 
60𝑜 
60𝑜 
−80𝑜 
80𝑜 
0𝑜 
0𝑜 
0𝑜 
0𝑜 
0𝑜 
0𝑜 
90𝑜 
−90𝑜 
Table 3.2 Rotation matrix of robot links 
a) Single point 
The posture of robot is shown in the Fig. 3.5 and is fixed. The distance between 
origin of flexion axis coordinate system and object is denoted as u. This simulation is 
performed with altering u in two situations:   (ⅰ) u = 0.10m (ⅱ) u = 0.25m 
b) Dual points 
As shown in Fig.3.6, each arm contacts the object with two points by bending the 
arm in order to sandwich the object. Note that,θ1, θ2 in Fig. 3.6 is 30°and 60° 
respectively. 
3.2.3 Results of Simulation 
In the situation of a), each component of the position vector from the origin of 
the origin coordinate system to the object’s gravity center has been estimated basing 
on the information measured by left and right sensor.  
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Besides, in the situation of b), each component of the position vectors from 
origin of the origin coordinate system to the object’s gravity center , denoted as LAPg，
LBPg, RAPg and RBPg, are also estimated and shown below. 
 
Fig.3.9 Relationship LPg and RPg and model 
a) Simulation Result of Single Contact Point 
Figs.3.10 and 3.11 show the results of a) with u=0.1m. 
From Figs.3.10 and 3.11, none of the components of the position vectors which 
are estimated by the force sensor has a large fluctuation due to the existence of the 
noises. The two situations both have the maximum error 0.2mm on z-component. 
 Figs.3.12 and 3.13 show the results of a) with u=0.25m. There is also none large 
fluctuation in the results and the maximum error at this situation is also 0.2mm on 
z-component. 
b) Simulation Result of Dual Contact Point． 
From Figs. 3.14, 3.15, 3.16 and 3.17, the components of each vectors measured 
by left and right force sensors contain no large fluctuation. The errors of the estimated 
vectors mainly come from the z-component. The maximum error is about 0.3mm. 
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Fig.3.10 Estimated vector from the origin to center of gravity (by left) 
 
 
Fig.3.11Estimated vector from the origin to center of gravity (by right) 
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Fig.3.12 Estimated vector from the origin to center of gravity (by left) 
 
Fig.3.13 Estimated vector from the origin to center of gravity (by right) 
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Fig.3.14 Estimated vector from the origin to center of gravity (by left point A) 
Fig.3.15 Estimated vector from the origin to center of gravity (by left point B) 
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Fig.3.16 Estimated vector from the origin to center of gravity (by right point A) 
 
Fig.3.17 Estimated vector from the origin to center of gravity (by right point B) 
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3.3 Experiment 
3.3.1 The Setting of the Experiment 
We use the cylindrical object in the experiment as Fig. 3.18. It has the parameters 
of radius R = 0.0825[m], length l = 1[m], mass m = 3.8[kg]. 
   
(a)                     
  
(b) 
Fig.3.18 Experiment scene 
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3.3.2 Results of the Experiment  
a) Single Contact Point 
 
Fig.3.19 Estimated vector from the origin to center of gravity (by left) 
 
Fig.3.20 Estimated vector from the origin to center of gravity (by right) 
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Fig.3.21 Estimated vector from the origin to center of gravity (by left) 
 
Fig.3.22 Estimated vector from the origin to center of gravity (by right) 
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Figs.3.19 to 3.22 show the results of the experiment of single contact point with 
the setting u = 0.10m and u = 0.25m. From these figures, it is known that there is no 
large fluctuation in the results. The error results show that there is strong correlation 
between the error and the value of distance u. Error becomes larger with the increase 
of the value u.  
Moreover, since the robot arm is not a perfect cylinder, it appears more errors in 
y and z component than simulation’s result when perform the experiment. We can 
believe that the model error have a big effect on the result of the estimation. 
 
 
b) Dual Contact Points 
 
 
 
Fig.3.23 Estimated vector from the origin to center of gravity (by left point A) 
-0.04
0
0.04
0.08
0.12
0.16
0.2
0.24
0.28
0 2 4 6 8 10
D
is
ta
n
ce
 (
m
) 
Time (seconds) 
LAPg_x
LAPg_y
LAPg_z
45 
 
 
Fig.3.24 Estimated vector from the origin to center of gravity (by left point B) 
 
 
 
Fig.3.25 Estimated vector from the origin to center of gravity (by right point A) 
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Fig.3.26 Estimated vector from the origin to center of gravity (by right point B) 
Figs.3.23 to 3.26 show the results of the experiment of dual contact point with 
the setting u = 0.10m and u = 0.25m. The results show that there is also no large 
fluctuation in each component. It is known that there is no error in the x and y 
component and there are errors of about 3.2cm estimated by left force sensor and 
5.7cm estimated by right force sensor in z-component. 
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Chapter 4 Passivity based Robust Impedance  
This chapter focuses on the robot’s safety problem from the view of passivity, 
means that robots do not add any surplus energy to the environment. It is clear that, 
there are two effectors that influence the robot’s passivity. One comes from the 
time-varying reference trajectory of the robot, another is due to the robot’s model 
uncertainties when performing nonlinear dynamic control. Previous research studied 
the case when the robot’s reference trajectory is time-varying.  
To reduce the effect from the robot’s model uncertainties, in this thesis, two 
methods are proposed. Firstly, by carefully setting the estimation parameters of the 
robot, it shows that a simple PD control can lead to the robot’s passivity. However, 
since the trajectory tracking performance is not improved, the second propose further 
designed observer based passive impedance control method to observe the effect from 
the model uncertainties so as to keep the robot’s passivity as well as the improvement 
of the trajectory tracking performance. The effectiveness of these approaches is 
evaluated using computer simulations. 
In the first section, definition of the passivity and previous research on keeping 
robot’s passivity are introduced. Then, the second section shows the passive 
impedance control method realizing the passivity and impedance without considering 
the model errors. Furthermore, in the third section, a robust passive impedance control 
method is proposed, which only utilize a simple parameter adaptation to satisfy the 
passivity. In the fourth section, an observer based passive robust impedance control 
method is proposed to realize both the passivity and the impedance of the robot even 
there are model errors. At last, a series of simulations are performed to verify and 
compare the effectiveness of two methods.  
4.1  Passivity and Passive Velocity Field Control Method 
4.1.1 Definition of Robot’s Passivity 
The problem considered in this section is how to keep the passivity of the robot 
robustly so as to realize the safety of the robot’s movement. The robot’s passivity can 
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be interpreted from the perspective of the robot’s energy transformation.  
Definition 1 [12]: A dynamic system with input u ∈ U and output y ∈ Y is 
passive with respect to the supply rate s:U × Y → ℜ if, for any u: ℜ+ → U and any 
t ≥ 0 the following relationship is satisfied  
∫ 𝑠(𝑢(𝛾), 𝑦(𝛾))𝑑𝛾
𝑡
0
≥ −𝑐2                      (4.1.1) 
where c ∈ ℜ depends on the system’s initial conditions. 
It is well known that, inputs of the mechanical manipulators interacting with the 
external environment can be divided into two terms, which are control torques 
(control inputs) 𝝉 generated by the actuators and the external forces 𝒇𝒆 from the 
environment, respectively. Meanwhile, joint velocity ?̇? of the manipulators can be 
regarded as the outputs of the manipulators. When considering the manipulator which 
is controlled by a closed loop control algorithm with the feedback controller in the 
process as in Fig. 4.1, then the external forces 𝒇𝒆 will be regarded as the inputs and 
manipulators’ velocity ?̇? the outputs of the system. [12]  
The expression in eq. (4.1.1) states that the energy, which is produced by the robot 
and applied to the environment, should be limited by c2 so as to keep the robot’ 
passivity and realize the safety of the robot’s movement. 
 
 
Fig.4.1. Robot interacts with the environment and control 
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4.1.2 Dynamics of a Robot  
The dynamics of a robot in dynamic environment can be described as: 
   𝑴(𝒒)?̈? + 𝑪(𝒒, ?̇?)?̇? = 𝝉 + 𝑱𝑻𝒇𝒆                  (4.1.2) 
where 𝑴(𝒒) ∈ ℜ𝑛×𝑛 is the inertial matrix,𝑪(𝒒, ?̇?)?̇? ∈ ℜ1×𝑛 is the Coriolis and 
centrifugal force vector. 𝝉 is the applied joint torque and 𝒇𝒆 is the interaction forces 
exerted at the end-effector from the environment. 𝑱 is the Jacobi matrix from the 
robot’s joint angle 𝒒 to the work space 𝒙. 
     
4.1.3 Passive Velocity Field Control 
In order for the robot keep its passivity as well as complete the trajectory tracking 
task, Li proposed the passive velocity field control method (PVFC) to solve the 
problem. They firstly augment the system with adding a virtual flywheel and 
construct a storage function for the surplus energy of the origin system.  
Based on the property of the flywheel below, 
𝑀𝐹?̈?𝑛+1 = 𝜏𝑛+1                       (4.1.3) 
we can formulate the dynamics of the new system as  
?̅?(?̅?)?̈̅? + ?̅?(?̅?, ?̇̅?)?̇̅? = ?̅? + 𝝉?̅?                     (4.1.4) 
where  
?̅?(?̅?) = [
𝑴(𝒒) 𝟎
𝟎 𝑴𝑭
]  ,　?̅?(?̅?, ?̇̅?) = [𝑪(𝒒, ?̇?) 𝟎
𝟎 𝟎
] , 
?̅? = [
𝒒
𝒒𝒏+𝟏
] ,  ?̅? = [
𝝉
𝝉𝒏+𝟏
] ,  𝝉?̅? = [
𝝉𝒆
𝟎
]             (4.1.5) 
Note that, in order to ensure the trajectory tracking ability of the augmented robot’s 
system, the desired velocity field 𝑽(𝒒) designed for the original system also needs to 
be augmented with additional dimension as ?̅?(?̅?) = [𝑽(𝒒)𝑻, 𝑉𝑛+1(𝒒)]
𝑻. It is known 
that limiting the energy exerted by the robot can ensure the satisfaction of the robot’s 
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passivity as well as the safety. One possible method is to construct an energy storage 
function utilizing the augmented system. The kinetic energy of the total system can be 
shown as  
𝑘(?̅?, ?̅?(?̅?)) =
1
2
𝑽𝑻̅̅̅̅ (?̅?)?̅?(?̅?)?̅?(?̅?) =
1
2
𝑽𝑻𝑴(𝒒)𝑽 +
1
2
𝑀𝐹𝑉𝑛+1
2 = ?̅? > 0      (4.1.6) 
where ?̅? is a constant value. Thus, based on this setting, the desired velocity of the 
virtual flywheel system can be designed as  
 𝑉𝑛+1 = √
𝟐
𝑴𝑭
(?̅? −
𝟏
𝟐
𝑽𝑻𝑴(𝒒)𝑽)               (4.1.7) 
In order to realize the passivity and trajectory tracking, control input for the 
augmented system above can be designed as  
  ?̅?(?̅?, ?̇̅?) = 𝑮?̇̅? + 𝛾𝑹?̇̅? = 𝝉?̅?(?̅?, ?̇̅?) + 𝝉𝒇̅̅̅(?̅?, ?̇̅?)                 (4.1.8) 
where G and R can respectively be selected as  
𝑮 =
𝟏
𝟐?̅?
(?̅??̅?𝑻 − ?̅??̅?𝑻)                       (4.1.9) 
𝑹 = (?̅??̅?𝑻 − ?̅??̅?𝑻)                       (4.1.10) 
?̅?, ?̅?, ?̅?  can be represented as  
?̅?(?̅?, ?̇̅?) = ?̅?(?̅?)?̇̅?                              
?̅?(?̅?) = ?̅?(?̅?)?̅?(?̅?)                           
?̅?(?̅?, ?̇̅?) = ?̅?(?̅?)?̇̅?(?̅?) + ?̅?(?̅?, ?̇̅?)?̅?(?̅?)      (4.1.11) 
By this control input, it can be verified that the robot can satisfy the passivity by the 
value of supply rate (?̇?𝑻𝝉𝒆). In detail, the supply rate (?̇?
𝑻𝝉𝒆) can satisfy the 
equation  
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　?̇?𝑻𝝉𝒆 = ?̇̅?𝑻𝝉?̅? = ?̇̅?𝑻(?̅?(?̅?)?̈̅? + 𝑪(𝒒, ?̅?)?̇̅?) − ?̇̅?𝑻?̅?  
               = ?̇?𝑻(𝑴(𝒒)?̈? + 𝑪(𝒒, ?̇?)?̇?) + 𝑴𝑭?̇?𝑛+1?̈?𝑛+1 − ?̇̅?
𝑻(𝑮?̇̅? + 𝛾𝑹?̇̅?) 
               =
𝒅
𝒅𝒕
(
𝟏
𝟐
?̇?𝑻𝑴(𝒒)?̇? +
𝟏
𝟐
𝑀𝐹?̇?𝑛+1
2) + 𝟎 =
𝒅
𝒅𝒕
(
𝟏
𝟐
?̇̅?𝑻?̅?(?̅?)?̇̅?)         (4.1.12) 
Here, since G and R are two skew-symmetric matrixes, the integration from time 
0~t of the eq. (4.1.12) can be written as  
∫ ?̇?𝑻𝝉𝒆 ds
t
0
= (
1
2
?̇̅?𝑻?̅?(?̅?)?̇̅?) − (
1
2
?̇̅?𝑻?̅?(?̅?)?̇̅?)|
t=0
≥ −(
1
2
?̇̅?𝑻?̅?(?̅?)?̇̅?)|
t=0
   (4.1.13) 
Therefore, the augmented system as well as the original robot system can satisfy 
passivity. In addition, it was shown that the robot can also realize tracking of an 
objective velocity field.  
Although PVFC method perform well in satisfying the robot’s passivity and 
trajectory tracking, and Adaptive PVFC, the further version of PVFC, overcome the 
effect from the model errors, the complex calculation of the control input makes it 
difficult to be applied in those real time task, especially for those manipulator with 
redundancy. 
4.1.4 Passivity of Impedance Control  
To overcome the problems of PVFC, Kishi and Luo proposed Passive impedance 
control. Here, in order for the robot to realize the following impedance  
𝑴𝒅?̈? + 𝑫𝒅?̇? + 𝑲𝒅(𝒙 − 𝒙𝒅) = 𝒇𝒆                 (4.1.14) 
under the condition that the robot’s physical parameters are all known, we can specify 
the robot’s control input as 
𝝉 = 𝑴(𝒒)𝑱−𝟏(𝒒){𝑴𝒅
−𝟏(−𝑫𝒅?̇? − 𝑲𝒅(𝒙 − 𝒙𝒅) + 𝒇𝒆) − 𝑱(𝒒)̇ ?̇?} +  𝑪(𝒒, ?̇?)?̇? − 𝑱
𝑻𝒇𝒆  
(4.1.15) 
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where 𝑴𝒅, 𝑫𝒅, 𝑲𝒅  are the desired positive mass ,  damping and stiffness 
coefficient. 𝒙 ∈ ℜm is the robot’s end-effector position, 𝒙𝒅 is the impedance center. 
Mass (𝑴𝒅) and stiffness (𝑲𝒅) are energy storing elements, while damper (𝑫𝒅) possess 
the function of dissipating kinetic energy. 
From eq. (4.1.14), it is clear that, if the impedance center 𝒙𝒅 is constant, then the 
robot will be passive. However, if 𝒙𝒅 is changing with respect to time, then it will 
influence the robot’s passivity as follows. Here, as in [12], to analyze the passivity of 
the robot with impedance control, we define the mechanic energy as  
𝐸 ≔
𝟏
𝟐
?̇?𝑻𝑴𝒅?̇? +
𝟏
𝟐
(𝒙 − 𝒙𝒅)
𝑻𝑲𝒅(𝒙 − 𝒙𝒅)               (4.1.16) 
It is clear that E is positive. The first and the second term represent the kinetic and 
potential energy, respectively. 
Using eq. (4.1.14), the time change of the mechanic energy can be derived as  
   
𝑑
𝑑𝑡
𝐸 = ?̇?𝑻𝑴𝒅?̈? + (?̇? − 𝒙?̇?)
𝑻𝑲𝒅(𝒙 − 𝒙𝒅) = −?̇?
𝑻𝑫𝒅?̇? − 𝒙?̇?𝑲𝒅(𝒙 − 𝒙𝒅) + ?̇?
𝑻𝒇𝒆  
(4.1.17) 
By integrating the eq. (4.1.17), we get  
∫ ?̇?𝑻𝒇𝒆
𝒕
𝟎
𝒅𝒔 = 𝐸 − 𝐸|𝑡=0 +∫ (?̇?
𝑻𝑫𝒅?̇? + 𝒙?̇?𝑲𝒅(𝒙 − 𝒙𝒅))
𝒕
𝟎
𝒅𝒔 
≥ −𝐸|𝑡=0 + ∫ (𝒙?̇?𝑲𝒅(𝒙 − 𝒙𝒅))
𝒕
𝟎
𝒅𝒔              (4.1.18) 
From eq. (4.1.18), it is apparent that if 𝒙𝒅 don’t change with the time variation, 
that is, if xḋ is 0, then  
                ∫ ?̇?𝑻𝒇𝒆
𝑡
0
𝑑𝑠 ≥ −𝐸|𝑡=0                  (4.1.19) 
That is，the energy served by the robot to the environment can be controlled less 
than the initial kinetic energy so that the surplus energy will not supply to the 
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environment. From the definition of the passivity (i.e. eq. (4.1.1)), the impedance 
controlled robot is passive. 
However, if the impedance center xd varies with respect to time (i.e. tracking a 
trajectory), that is, if xḋ is not 0, then the right side of the eq. (4.1.18) may not satisfy 
the passivity condition of eq. (4.1.1), which implies that robot may impose surplus 
energy to environment so as to approach to the desired position as shown in Fig.4.2.  
 
Fig. 3.2 Comparison between the invariant and varying desired position 
 
4.2  Passive Impedance Control (PIC)  
4.2.1 Control Law of PIC  
In order to keep the passivity of the robot controlled by impedance control law 
while performing the trajectory tracking task, it is necessary to appropriately adjust 
the desired impedance center so as to limit the energy exerted by robot.  
In [17], under the condition that the robot’s physical parameters are all known, it 
was proposed to switch a scaling parameter of the robot’s desired velocity as follows. 
Here, the velocity of the desired impedance center is set as  
  𝒙𝒅̇ = 𝛼𝑽                             (4.2.1) 
where α is the scaling parameter satisfying α > 0, V was defined as the tangent 
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velocity vector of impedance center trajectory designed previously without 
considering the environmental uncertainties.  
Then, if we adjust the scaling parameter α satisfying the condition   
𝛼 {
≤ −
𝛾𝑆+?̇?𝑻𝑫𝒅?̇?
𝑧
      𝑤ℎ𝑒𝑛 𝑧 < 0
  ≥ −
𝛾𝑆+?̇?𝑻𝑫𝒅?̇?
𝑧
       𝑤ℎ𝑒𝑛 𝑧 > 0 
              (4.2.2) 
the robot would be passive. Here, 𝛾 is a positive value and a new value z was 
defined as  
            𝑧 ≔ 𝑽𝑻𝑲𝒅(𝒙 − 𝒙𝒅)                        (4.2.3) 
To understand this control approach, let’s define a new value S, or accurate to 
say, the derivative of S as 
        ?̇? ≔ ?̇?𝑻𝑫𝒅?̇? + 𝒙?̇?𝑲𝒅(𝒙 − 𝒙𝒅)                (4.2.4) 
where the initial value of S has been set as S0 > 0.  
If we make 
 ?̇? ≥ −𝛾𝑆                          (4.2.5) 
Since the initial value of S be set as S0 > 0, we have 
𝑆 > 𝑆0𝑒
−𝛾𝑡   > 0    ∀𝑡 > 0 
Base on this setting, α’s condition can be derived as (4.2.2). and one possible 
choice of α can be given as 
        𝛼 = (𝛾𝑆 + ?̇?𝑻𝑫𝒅?̇?)(1 +
1−𝑒−𝑐𝑧
1+𝑒−𝑐𝑧
)                (4.2.6) 
Therefore, from Eq. (4.1.4.2) and Eq. (4.2.4), we get 
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𝑑
 𝑑𝑡
(𝐸 + 𝑆) = ?̇?𝑻𝒇𝒆                   (4.2.7) 
Since S > 0, Eq. (4.1.33) becomes 
  ∫ ?̇?𝑻𝒇𝒆
𝒕
𝟎
𝒅𝒔 = 𝐸 + 𝑆 − (𝐸0 + 𝑆0) > −(𝐸0 + 𝑆0)         (4.2.8) 
Thus, energy served to the environment can be limited by E0 + S0 so that the 
impedance controlled robot remains passive. 
 
4.2.2 Influences of Model Uncertainties for Passive Impedance Control 
Here, we further consider the case that the robot’s dynamics M and C  are 
unknown. We set their estimations as ?̂? and ?̂? , respectively. We also define 
?̃? and ?̃? as error terms as 
?̃? ≔ 𝑴− ?̂?, ?̃? ≔ 𝑪 − ?̂?. 
Then, from Eq. (4.1.30), now the robot’s control input becomes 
     𝝉 = ?̂?𝑱−𝟏(𝒒){𝑴𝒅
−𝟏(−𝑫𝒅?̇? − 𝑲𝒅(𝒙 − 𝒙𝒅) + 𝒇𝒆) − 𝑱(𝒒)̇ ?̇?} + ?̂??̇? − 𝑱
𝑻𝒇𝒆      
(4.2.9) 
Put this control into Eq. (4.1.2), then we get 
  𝑴𝒅?̈?+𝑫𝒅?̇? + 𝑲𝒅(𝒙 − 𝒙𝒅) = 𝒇𝒆 + 𝒇𝒎               (4.2.10) 
where 𝒇𝒆 is the external force while 𝒇𝒎 represents the force term caused by the 
robot’s model uncertainties as  
        𝒇𝒎 ≔ −(𝑴𝒅𝑱?̂?
−𝟏?̃??̈? + 𝑴𝒅𝑱?̂?
−𝟏?̃??̇? )               (4.2.11) 
From Eq. (4.2.11), it is clear that model errors actually may have effects on the 
results of impedance control and the passivity of the robot as follows:   
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∫ ?̇?𝑻𝒇𝒆
𝒕
𝟎
𝒅𝒔 = 𝐸 + 𝑆 − (𝐸0 + 𝑆0) − ∫ ?̇?
𝑻𝒇𝒎
𝒕
𝟎
𝒅𝒔             (4.2.12) 
Since the term ∫ (−?̇?𝑻𝒇𝒎)ds
t
0
 exists, besides of time-varying impedance center, 
the robot’s model uncertainties also influence the change of the energy which is 
provided by the robot to the environment. Therefore, robot may lose its passivity even 
under the control frame of passive impedance control method. 
 
4.3 Robust Passive Impedance Control (RPIC) 
In order to solve this problem, we propose a novel robust control approach based 
on an appropriate selection of the estimation of 𝑴 and 𝑪 so that to keep the robot’s 
passivity during impedance control even if there are model uncertainties of the robot. 
Considering the robot’s model error term of 𝒇𝒎, here we set the new energy as 
  𝐸 =
1
2
?̇?𝑻𝑴𝒅?̇? +
1
2
(𝒙 − 𝒙𝒅)
𝑻𝑲𝒅(𝒙 − 𝒙𝒅) + 𝐸𝑚            (4.3.1) 
where 𝐸𝑚 =
1
2
?̇? 
𝑻
?̃??̇?. Note, it is necessary to keep Em be positive, therefore we 
have to carefully select the estimation ?̂? so that ?̃? can always be positive definite 
matrix. In this paper, we select ?̂?:= 𝑱𝑻𝑴𝒅𝑱, ?̂? =
𝟏
𝟐
?̇̂? = 𝑱𝑻𝑴𝒅?̇? and set small 𝑴𝒅 
so that ?̃? ≔ 𝑴− ?̂? can be positive definite.  
Then, the time variation of the energy can now be obtained as  
 
𝒅
𝒅𝒕
𝐸 = −?̇?𝑻𝑫𝒅?̇? − 𝒙?̇?𝑲𝒅(𝒙 − 𝒙𝒅) + ?̇?
𝑻𝒇𝒆 +𝑊?̇?           (4.3.2) 
With 𝑊?̇? = ?̇?
𝑻𝒇𝒎 + 𝐸?̇? = −?̇?
𝑻(𝑴𝒅𝑱?̂?
−𝟏?̃??̈? + 𝑴𝒅𝑱?̂?
−𝟏?̃??̇? ) + ?̇? 
𝑻
(?̃??̈? + ?̃??̇?) =
𝟎.  The time variation of energy now becomes 
𝒅
𝒅𝒕
𝐸 = −?̇?𝑻𝑫𝒅?̇? − 𝒙?̇?𝑲𝒅(𝒙 − 𝒙𝒅) + ?̇?
𝑻𝒇𝒆                (4.3.3) 
Then, by using the same passive impedance control in section II, we can keep the 
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robot’s passivity. 
And by substituting of ?̂?:= 𝑱𝑻𝑴𝒅𝑱, ?̂? =
𝟏
𝟐
?̇̂? = 𝑱𝑻𝑴𝒅?̇? into the control input   
eq. (4.2.9), 𝝉 becomes   
𝝉 = −𝑱𝑻(𝑫𝒅?̇? + 𝑲𝒅(𝒙 − 𝒙𝒅)) − 𝑱
𝑻𝒇𝒆                (4.3.4) 
This is a very smart and simple PD like control+force feedback which is even 
simple that the original control of eq.(4.1.2) that has nonlinear feedback compensation 
using the robot’s dynamic parameters of M and C. The only condition here is that we 
have to set small 𝑀𝑑 so ?̂?:= 𝑱
𝑻𝑴𝒅𝑱 can make ?̃? ≔ 𝑴− ?̂? be positive definite 
as well as ?̂? =
𝟏
𝟐
?̇̂? = 𝑱𝑻𝑴𝒅?̇?. 
However, even in this study, we proposed an approach to select the estimation of 
M and C  so as the robot can keep its passivity under the model uncertainties. 
However, the performance of impedance control still be influenced by the model error 
term fm and thus remain to be improved.  
 
4.4 Observer based Passive Robust Impedance Control (PRIC) 
In this section, we propose a novel observer based passive robust impedance 
control approach which designs an observer to detect the model error fm so that to 
decrease the effect of the term ∫ ?̇?𝑻𝒇𝒎
t
0
ds in eq. (4.3.4) to make the robot passive as 
well as realize the robot’s impedance control performance. 
By introducing fc as a new input force, we select the robot’s control law as  
𝝉′ = ?̂?(𝒒)𝑱−𝟏(𝒒){𝑴𝒅
−𝟏(−𝑫𝒅?̇? − 𝑲𝒅(𝒙 − 𝒙𝒅) + 𝒇𝒆 + 𝒇𝒄) − 𝑱(𝒒)̇ ?̇?} + ?̂?(𝒒, ?̇?)?̇? − 𝑱
𝑻𝒇𝒆  
                                   (4.4.1) 
𝒇𝒄 is mainly designed to eliminate the model error force 𝒇𝒎 in the impedance 
equation which will be shown later. 
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By applying this control input, the robot’s impedance becomes:  
𝑴𝒅?̈? + 𝑫𝒅?̇? + 𝑲𝒅(𝒙 − 𝒙𝒅) = 𝒇𝒆 + 𝒇𝒄 + 𝒇𝒎          (4.4.2) 
On the other hand, we also introduce a new reference 𝒙𝒓 and set the ideal 
impedance as  
𝑴𝒅?̈?𝒓 +𝑫𝒅?̇?𝒓 +𝑲𝒅(𝒙𝒓 − 𝒙𝒅) = 𝒇𝒆            (4.4.3) 
where ?̈?𝒓, ?̇?𝒓and 𝒙𝒓 represent the robot’s ideal acceleration, velocity and position, 
respectively.  
By calculating eq. (4.4.2) –eq. (4.4.3), we can obtain  
𝑴𝒅?̈?𝒆 +𝑫𝒅𝒙?̇? +𝑲𝒅𝒙𝒆 = 𝒇𝒄 + 𝒇𝒎            (4.4.4) 
where xe ≔ x− xr.  
Since the robot’s real position x as well as the interaction force fe from the 
environment to the robot can all directly be measured, then we can obtain 𝒙𝒓 from 
eq.(4.4.3) and in turn, the error position 𝒙𝒆. By filtering this error position 𝒙𝒆 using 
the following transfer function:    
𝑶(𝒔) =  
𝑴𝒅𝒔
𝟐+𝑫𝒅𝒔+𝑲𝒅
𝑻𝒔𝟐+𝒃𝒔
                (4.4.5) 
then we can design the new control force    
𝒇𝒄 = −𝑶(𝒔)𝑰𝒙𝒆                  (4.4.6) 
so that 
𝒇𝒄 =
−𝟏
𝑻𝒔𝟐+𝒃𝒔+𝟏
𝑰𝒇𝒎                      
By set the parameters T and b, we can make sure that 𝒇𝒄 + 𝒇𝒎 → 0. Therefore, 
the robot’s model error will not influence the impedance control of eq. (4.4.2). Here, I 
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is an unit matrix. The overall observer design is shown in Fig.4.3.  
 
Fig. 4.3 Block Diagram of the Disturbance Observer Design 
 
4.5  Simulation Studies 
In this section, we perform computer simulations to show the effectiveness of the 
RPIC and PRIC method respectively. In the simulations, we consider a 2 D.O.F robot 
arm interacting with an unknown stiff wall as shown in Fig.4.4.  
The robot’s all physical parameters used for simulation are listed in Table.1. 
 
Fig.4.4 Computer simulations of a 2 D.O.F robot arm moving on a dynamic wall 
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Table. 4.1 Simulation Parameters of the Robot 
4.5.1 Simulations of RPIC method 
Here, we mainly performed three types of simulations. The first type and the 
second type use same previous passive impedance control, but in different cases: (1) 
when there is no model error mî = 1.0 × mi and (2) when the estimated mî =
1.8 × mi. The third type uses our robust passive impedance control method when the 
estimated inertial matrix M̂ = JTMdJ and the estimated Coriolis and centrifugal force 
term of Ĉ = JTMdJ̇. 
In addition, we also set the parameter in the matrix (Kd, Dd, Md) of the impedance 
equation and the parameter in the matrix (Ke, De) of the stiff wall as kd = 25, dd =
10,md = 1 and ke = 375, de = 200.The initial value of S has been defined as 
S0 = 0.02. Considering the initial value of mechanic energy E0  is 0, the value 
E0 + S0 is 0.02. 
Figs.4.5 to 4.7 shows the result using passive impedance control on robot without 
model errors, while Figs.4.8 to 4.10 are for the case when we set mî = 1.8 × mi, and 
Figs.4.11 to 4.13 are results of our robust passive impedance control. From Fig.4.5, 
We can see that the external force converges to the value of 1N after the contact. 
Fig.4.6 shows the time change of the mechanic energy of the robot, it is clear that the 
energy didn’t exceed the initial value E0 + S0 = 0.02 , the robot can keep the 
passivity by using PIC method.  
𝐼1 0.3125 kgm
2        
𝐼2 0.3125 kgm
2  
𝑚1 5 kg 
𝑚2 5 kg 
𝑙1 0.25 m 
𝑙2 0.25 m 
𝐿1 0.5 m 
𝐿2 0.5 m 
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Fig.4.5 The contact force by PIC with real inertial parameter 
 
 
Fig.4.6 The mechanic energy by PIC with real inertial parameter 
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Fig.4.7 𝐟𝐦 by PIC with real inertial parameter 
When there are model errors, from Fig. 4.8, the external forces exceed the line of 
1N when and after the end-effector punches the wall. From Fig. 4.9, the mechanic 
energy always over the initial energy of 0.02J. And, from Eq. (4.1.33), the robot lost 
its passivity when interacting with the environment. 
 
Fig.4.8 The contact force by PIC with Estimate inertial =1.8×real inertial parameter 
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Fig.4.9 The mechanic energy by PIC with Estimate inertial =1.8×real inertial 
parameter 
 
 
 
Fig.4.10 𝐟𝐦 by PIC with Estimate inertial =1.8×real inertial parameter 
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Fig.4.11 The contact force by RPIC with Estimate inertial =1.8×real inertial 
parameter 
 
Fig.4.12 The mechanic energy by RPIC with Estimate inertial =1.8×real inertial 
parameter 
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Fig.4.13 𝐟𝐦 by RPIC with Estimate inertial =1.8×real inertial parameter 
 
Figs. 4.11 to 4.13 show the result using our robust passive impedance control. It is 
clear that, even if there are model errors, the contact forces converges to the value 
below 1N after the robot punched the stiff wall and the mechanic energy of the robot 
has been limited below the initial value of 0.02J.  
By comparing this result with Figs. 4.8 to 4.10, it shows that the robot keeps 
passivity. 
On the other hand, by comparing fm under PIC with model errors and RPIC 
(Figs.4.10 and 4.13), it is clear that RPIC method actually reduced the error force term 
fm when end-effector of robot punch the stiff wall. 
 
4.5.2 Simulations of PRIC 
In order to show the effectiveness of this PRIC method, we mainly performed 
simulation for four different conditions as follows, respectively:  
(1) There are no model errors, and the robot is controlled by passive impedance 
control method. 
(2) There are model errors, and the robot is controlled by the same passive 
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impedance control method as in (1). The estimated mass and center of the link’s 
gravity, which are used in the calculation of the estimated inertial matrix, is set as  
mî = 0.5 × mi ,    lg î = 0.5 × lgi 
where m represent the mass of the link and lg represents the position of the center of 
the gravity of the link.  
(3) There are model errors, and the control method is the RPIC method proposed 
in the previous section. 
(4) There are model errors, and the control method is our observer-based passive 
impedance control. 
In addition, we also set the parameter in the matrix Kd, Dd and Md  of the 
impedance equation as 
Md = [
1 0
0 1
] , Dd = [
2 0
0 2
] , Kd = [
1 0
0 1
] 
and the parameter in the matrix Ke and Ke of the stiff wall as ke = 15, de =
1. The initial value of S and the mechanic energy E has been defined as 
S0 =  0.5J,  E0 = 0J. 
The parameter in observer is set as T =  0.0001,  b =  0.02. 
 Simulation Results 
a) Effects of the impedance control method in different cases 
The blue line denotes the results of the case (1). The orange line and the 
red dot line represent the results of the cases (2) and (3), and the black dot 
lines are the results of the case (4).  
 
The trajectory tracking results of four cases are shown in Fig. 4.14. The 
grey line shown in this figure represents the stiff wall whose spring and 
damping ratio are set as ke = 15 and de = 3 respectively.  
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Fig.4.14 Trajectory of the robot in four different cases 
 
 
 
(a) Time responses of position errors xe in the case (4) 
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(b) Time responses of position errors xe in the case (3) 
 
 
(c) Time responses of position errors xe in the case (2) 
Fig.4.15 Time responses of position errors 𝐱𝐞in different cases 
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(a) Time responses of velocity errors xė in the case (4) 
 
 
 
(b) Time responses of velocity errors xė in the case (3) 
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(c) Time responses of velocity errors xė in the case (2) 
Fig.4.16 Time responses of velocity errors 𝐱?̇? in different cases 
As seen from the trajectory of the orange line in Fig. 4.14, we can find that the 
robot’s model errors seriously influence the tracking ability of the robot. The 
trajectory of the red line shows that previous RPIC method do not contribute to the 
performance of trajectory tracking. From the trajectory tracking results of the black 
dot line and the blue line in Fig. 4.14, it is clear that, by utilizing our method, the 
effects of the model error on the trajectory tracking can be eliminated. 
Figs. 4.15 and 4.16 shows the errors between the real value of the robot’s position 
and velocity in task space and the ideal value when there exists no model error in 
control system. From these results, it is obvious that the observer-based method can 
effectively decrease the tracking errors caused by the model errors, which are even 
better than the results of our previous RPIC method in case (3). 
Fig. 4.17 shows the response of external forces in four different cases. It is clear 
that model errors may have some effects on the response time and the vibration of the 
force. Also, it is shown that the observer-based controller can lead the external force 
approach the ideal value.  
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Fig.4.17 The external force responses of the robot in four different cases 
 
From Figs. 4.14 to 4.17, it is found that the previous method (3) could not 
decrease the effect from the model errors on impedance control law and 
observer-based method could eliminate this effect and help the robot to realize the 
ideal impedance. 
b) Passivity Analysis 
 
Fig.4.18 The Energy (E+S) in four different cases 
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Fig. 4.18 shows the energy results of E+S in different cases. The orange line 
shows that model errors could affect the energy’s variation so as to make the energy 
(E+S) exceed the its initial value 0.5J, which means that the robot is not passive. By 
using the previous RPIC method with a special estimation adjustment, from red dot 
line, we see that the passivity can be satisfied. The black dot line shows that the robot 
is passive by using our proposed observer-based method. By comparing the black dot 
line and the orange line, we see that our proposed controller could effectively 
decrease the influence of model errors on the energy E+S, therefore, the robot can 
keep its passivity under the model errors. 
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Chapter 5  Passive Velocity Field Control of                        
a Redundant Cable-Driven Robot 
with Tension Limitations 
Considering the possibility of the robotic rehabilitation, this chapter pay attention 
to the fitness between the robot and human, a passivity based control design is 
performed for a robot with cable-driven structure to realize better fitness with the 
complex human body joint structure. Taking into account of the limitations that the 
cable driven robot has high redundant actuation and cable tension limitations, the 
passive velocity field control (PVFC) method is extended for the redundant 
cable-driven robot system to realize not only passivity but also tracking performance.  
In this Chapter, we first describe the dynamics and the constrain conditions of the 
cable driven robot and then utilize the previous proposed PVFC control approaches to 
overcome the redundancy problem of the cable-driven robot and satisfy the robot’s 
passivity while complete the trajectory tracking. The cable’s tension limitation 
problem can be solved by adapting and adjusting a parameter in the control input 
basing on some analysis. Simulation results shown in section 4 verify the 
effectiveness of our method. 
 
5.1 Dynamics of a Cable-driven Robot 
The dynamics of a robot manipulator interacting with its environment 
can be denoted as 
 𝑴(𝒒)?̈? + 𝑪(𝒒, ?̇?)?̇? = 𝝉 + 𝑱𝑻𝒇                   (5.1.1) 
where 𝑴(𝒒) ∈ 𝕽𝐦×𝐦is the inertial matrix of rigid link, 𝑪(𝒒, ?̇?)?̇? ∈ 𝕽,𝐦×𝐦is the 
Coriolis and centrifugal force vector. 𝝉 ∈ 𝕽𝐦 is the applied joint wrench exerted by 
the cables.𝑱(𝒒) ∈ 𝕽𝐦×𝐦  is a Jacob matrix and f is the interaction force vector 
between the robot and the environment such as human body.  
In order to control the cable-driven robot, it is necessary to specify the mathematic 
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relationship between the cable tension and wrench acting at the end-effector/joints of 
the robot, which can be represented as  
 𝑨𝑻 = 𝝉                             (5.1.2) 
where T ∈ ℜn is the cable tension vector of n-dimension satisfying the 
inequality 
 𝑻𝒎𝒊𝒏 ≤ 𝑻 ≤ 𝑻𝒎𝒂𝒙                       (5.1.3) 
𝑻𝒎𝒂𝒙 = (𝑇𝑚𝑎𝑥1, ⋯ , 𝑇𝑚𝑎𝑥𝑛)
𝑇 ∈ ℜn is the maximum toleration of the cable and 
is related to the material of the cable, 𝑻𝒎𝒊𝒏 = (𝑇𝑚𝑖𝑛1, ⋯ , 𝑇𝑚𝑖𝑛𝑛)
𝑇 ∈ ℜn 
denotes the minimum limitation of the tension which is nonnegative, 
regularly. τ  represents the wrench vector (torque/force). 𝑨 ∈ ℜm×n 
represents the structure matrix which can be calculated as 
𝑨 = (
−𝑙1 ⋯ −𝑙𝑛
−𝑤1 × 𝑙1 ⋯ −𝑤𝑛 × 𝑙𝑛
), 
where 𝑙𝑛 denote the tendon vector and 𝑤𝑛 represent the center of the 
platform which is formed by several connection point between the cable 
and the rigid link (human arm ) to each connection point.  
Basically, for the given wrench vector 𝝉 ∈ ℜm, the inverse relation to 
compute the tension T ∈ ℜn with m < n can be calculated as  
 𝑻 = 𝑨+𝝉 + (𝑰 − 𝑨+𝑨)𝒑                   (5.1.4) 
Here 𝑨+   denotes the pseudo-inverse of 𝑨 , and (𝑰 − 𝑨+𝑨) = 𝑵(𝑨)  is the 
orthogonal complement of 𝑨, and 𝒑 can be selected as any vector, 𝑰 is a unit matrix. 
Due to the input constraint of the tension of Eq. (5.1.3), from Eq. (5.1.2), wrench 
will also have a limitation. The relation between tension constraint and wrench 
constraint is shown in Fig. 5.1 with the simple setting that tension space has 
2-dimensions and wrench has 1-dimension. 
Note that, the angular 𝜑 between two spaces is totally dependent on the matrix A. 
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As shown in Fig.5.1 that for a given wrench 𝝉𝜸, there exit plenty of tension choices to 
execute due to the multi selection of 𝒑 in Eq.(5.1.4). Hence, a lot of works has been 
contributed to the optimization of tension distribution to ensure all tension has been 
located into the constraint box constructed by tension’s limitation. Meanwhile, for a 
given tension constraint and a given pose (structure matrix A), wrench 𝝉 can be 
denoted as the feasible wrench satisfies the range 𝝉 ∈ [𝝉𝒎𝒊𝒏, 𝝉𝒎𝒂𝒙]. However, this 
range of the wrench may limit the objective task of the robot. For example, if there are 
a large error between the robot’s initial position and its objective target, when using 
usual PD control, we may not possible to generate a necessary large wrench τ 
outside the constraint range 𝝉 ∈ [𝝉𝒎𝒊𝒏, 𝝉𝒎𝒂𝒙]. 
 
Fig. 5.1   Relationship between the Tension Space and Torque Space 
 
5.2 Previous Works 
First of all, considering the redundant actuation problem that 𝒎 < 𝒏, in some 
previous researches [38], LP as well as QP programming has been used to solve the 
limitation problem of the tension. This idea can be formulated as following: 
 𝑚𝑖𝑛 𝒇(𝒑)              
𝑠. 𝑡.        𝑻𝒎𝒊𝒏 ≤ 𝑨
+𝝉 + (𝑰 − 𝑨+𝑨)𝒑 ≤ 𝑻𝒎𝒂𝒙              (5.2.1) 
If the objective function is selected as 𝒇(𝒑) = 𝒄𝑻𝒑 (𝒄 is a constant vector), it is a 
LP problem. If 𝒇(𝒑) = 𝒑𝑻𝒀𝒑 (𝒀 is a positive definite matrix), it is a QP problem.  
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However, no matter what the objective function is chosen as and how the vector 
𝒑 varies, there may exit some infeasible 𝝉 that makes unsatisfactory of the tension’s 
condition. Moreover, since we need iterative computation to solve LP or QP objective 
functions subjected to some conditions with inequalities, it may be difficult to 
perform within real time control of the robot. 
Secondly, considering the tension limitation problem, in order to keep the cables 
to satisfy the tension constraint while the robot is executing some tasks, it is necessary 
to consider the term composing control input 𝝉(wrench). For tracking task, we cannot 
set the desired position too far to make the designed wrench too large for robot to 
handle it. Hence, tracking the desired position outside the tolerance scope is necessary 
to be considered.  
Oh and Agrawal [9] proposed a method to solve this problem for a 6 DOF 
cable-driven parallel robot with 6 cables. The robot’s dynamics in the task space can 
be determined as 
 𝑴(𝑿)?̈? + 𝑪(𝑿, ?̇?)?̇? + 𝒈(𝑿) = 𝑨𝑻                (5.2.2) 
where 𝑿 = (𝒙, 𝒚, 𝒛, 𝝍, 𝜽,𝝓) describes the position and orientation of the end-effector, 
𝒈(𝑿) represent the gravity vector. Note that, since we have 𝑚 = 𝑛 = 6 here, the 
matrix 𝐀 is invertible. 
They first set the control input tension vector 𝑻 as  
𝑻 = 𝑨−𝟏(𝑪(𝑿, ?̇?)?̇? + 𝒈(𝑿) −𝑴(𝑿)𝝀?̇? −𝑴(𝑿)𝜼𝒔)           (5.2.3) 
where 𝝀 = 𝜆0𝑰, 𝜼 = 𝜂0𝑰, 𝒔 is the control surface defined by  
 𝒔 = ?̇? + 𝝀(𝑿 − 𝑿𝒅)                       (5.2.4) 
By imposed a relation that ?̇? = −𝜼𝒔 , the equilibrium at the 𝑿𝒅  will be 
exponentially stable and we have  
 ?̈? = −𝝀?̇? − 𝜼𝒔                         (5.2.5) 
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Let the 𝑿𝒅 as the input, considering the first term of the robot’s position vector 
𝑿, the transfer function can be written as 
 𝑥(𝑟) =
𝜂0𝜆0
𝑟2+(𝜆0+𝜂0)𝑟+𝜂0𝜆0
𝑥𝑑(𝑟)                 (5.2.6) 
After some analysis of the transfer function, it is possible to obtain the damping 
ratio ζ ≥ 1 and the natural frequency ω𝑛 = √𝜂0𝜆0. 
Then, based on the analysis of time domain solution of the transfer function, we 
can get the bounds on states: 
𝑥(𝑡) ∈ [𝑥0, 𝑥𝑑] 
?̈?(𝑡) ∈ (𝑥0 − 𝑥𝑑)𝜔𝑛
2[𝑍𝑚, −1] 
where 𝑥0 is the initial value of the position and 𝑍𝑚 represent the maximum of the 
term 
1
2√𝜁2−1
[−(𝜁 + √𝜁2 − 1)𝑒−(𝜁+
√𝜁2−1)𝜔𝑛𝑡 + (𝜁 + √𝜁2 − 1)𝑒(−𝜁+
√𝜁2−1)𝜔𝑛𝑡]  (5.2.7) 
Thus, we can compute the bounds on other components of vector 𝑥 and ?̈?. 
Then, this research considered the translation motion of the robot and simplified 
the tension constraint as  
 𝑻 = 𝑨−𝟏(𝑴(𝒙)?̈? + 𝒈(𝒙)) ≥ 𝟎                   (5.2.8) 
This inequality is determined by 𝐱 ?̈? and some coefficient. In order to make this 
inequality satisfied, it is necessary to calculate the minimum value of 𝑻  by 
substituting the bounds of 𝒙 ?̈? into this inequality. Note that when the coefficient in 
front of the variable is minus, we need to substitute the maximum value of this 
valuable and when the coefficient is positive, we should substitute the minimum value. 
After substituting, we can get  
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 𝑫𝟏 [
𝑥𝑑
𝑦𝑑
] ≤ 𝑫𝟐 [
𝑥0
𝑦0
] + 𝒃                     (5.2.9) 
Note that, this research simplified the problem as robot only move in the x-y plane. 
Matrix 𝑫𝟏  𝑫𝟐 and vector 𝒃 can be calculated by the bounds of each components 
in 𝑿 and ?̈?. Thus, the ineq. (5.2.9) determines a feasible domain of 𝑿𝒅 based on 
the initial position.  
In order to tracking the final objective position, it is necessary to select the closest 
one in the feasible domain of 𝒙𝒅 to the final objective position. In the research of 
[38], they further offered an iteration optimization method to perform the iteration 
calculation with the movement of the robot and choose the most appropriate desired 
position in the calculated scope, which is closest to the final desired position. 
Although this work shows some efficiency on the position control task, it is 
impossible to be used for the trajectory tracking control problem of cable-driven robot, 
especially with high dimensional redundant tension due to the massive computation 
time and its complicate analysis.  
 
Fig.2 Reachable domains in a x-y plane 
As mentioned in the previous analysis, the cable’s tension constraint condition as 
well as its actuation redundancy are two fundamental problems that we should 
considered in the control design of the cable-driven robot. If we do not design the 
proper control, these two problems may constrain the possible selection of the robot’s 
objective target position for some given initial positions so as to serious limit the 
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robot’s task performance. By now, the researches mainly considered only one side of 
the problems, static solution of the redundancy or dynamic control under tension 
limitations. In order to make real application of a cable driven robot to perform wider 
range of tasks, we need to solve the two problems simultaneously for the dynamics of 
the robot.  
5.3 Dynamic Control of Cable-Driven Robot Using PVFC 
In order to solve the redundancy problem as well as the tension limitation problem 
so as the robot can realize more dynamic task performance under cable-driven 
actuation, in this paper, we propose a novel dynamic control approach. Here, we 
specify the robot’s objective motions in a form of the velocity vector field in the work 
space instead of the usual time function. We then set an augmented virtual dynamic 
subsystem with dimension n-m. For the n- dimensional augmented dynamic system, 
we apply Li’s passive velocity field control (PVFC)[10] to design the control input. 
PVFC can realize not only the motion tracking performance for the real robot’s 
velocity to approach the objective velocity field vector in free motion space but also 
the passivity when the robot is interacting with the environment. Finally, to keep the 
real robot’s cable tension limitation, we adjust the PVFC’s control parameter and 
clarify the control parameter’s possible range.  
5.3.1. Augmented Mechanical System 
In order to overcome the difficulty brought by the redundancy 
characteristic of the robot’s cable actuation of Eqs. (5.1.1) and (5.1.2) with 
m<n, we propose to augment the system with a n-m dimensional virtual 
dynamic subsystem.  
 𝑴𝑭?̈?𝒏−𝒎 = 𝝉𝒏−𝒎 = 𝑩𝑻                    (5.3.1) 
where we set 𝑴𝑭 = 𝑑𝑖𝑎𝑔(𝑚𝑓 ,⋯ ,𝑚𝑓) ∈ ℜ
(n−m)×(n−m) and 𝑩  represents a 
(n −m) × n  matrix, 𝒒𝒏−𝒎 ∈ ℜ
(n−m)  is the position vector of the virtual 
augmented subsystem. 
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Therefore, the dynamic of the overall augmented system can be 
formulated as  
 ?̅?(?̅?)?̈̅? + ?̅?(?̅?, ?̇̅?)?̇̅? = ?̅? + 𝝉?̅?                 (5.3.2) 
where ?̅?(?̅?) = [
𝑴(𝒒) 𝟎
𝟎 𝑴𝑭
] ,  ?̅?(?̅?, ?̇̅?) = [𝑪
(𝒒, ?̇?) 𝟎
𝟎 𝟎
] , ?̅? = [
𝒒
𝒒𝒏−𝒎
] ,   
𝝉?̅? = [
𝝉𝒆
𝟎
] 
In detail, ?̅? = [𝑞1, ⋯ , 𝑞𝑚, 𝑞𝑚+1,⋯ , 𝑞𝑛]
𝑇, and by combining the Eq. (5.1.2) 
and (5.3.2), we have 
 ?̅? = ?̅?𝑻 = (
𝑨
𝑩
)𝑻                         (5.3.3) 
Notice that, in order to avoid appearance of redundancy, we should select 
the matrix B so that to keep the augmented matrix (
𝑨
𝑩
) full rank. 
The objective velocity vector 𝑉𝑛−𝑚(𝑞) for the augmented subsystem can 
be specified as follows.  
  Firstly, we define 
 ?̅?(?̅?) = [𝑽(𝒒)𝑻, 𝑽𝒏−𝒎(𝒒)]
𝑻                   (5.3.4) 
as the objective velocity vector of the augmented system, then the total 
objective kinetic energy can be denoted as 
𝑘(?̅?, ?̅?(?̅?)) =
1
2
𝑽𝑻̅̅̅̅ (?̅?)?̅?(?̅?)?̅?(?̅?)=
1
2
(𝑽𝑻𝑴(𝒒)𝑽 + 𝑽𝒏−𝒎
𝑻𝑴𝑭𝑽𝒏−𝒎) = ?̅? > 0(5.3.5) 
where 𝑽𝒏−𝒎 = 𝜌[1,⋯ ,1]
𝑇  and 𝜌  is a scalar. For the given 𝑽(𝒒)  and 
constant ?̅?, we then can calculated  
 𝜌 = √
2
𝑚𝑓
(?̅? −
1
2
𝑽𝑻𝑴(𝒒)𝑽)                   (5.3.6) 
Then, based on 𝜌, it is possible to calculate the virtual subsystem’s desired velocity 
𝑽𝒏−𝒎 and further the desired velocity of total augmented system ?̅?. 
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5.3.2 Coupling Control Law 
Before considering the cable tension limitation problem, for the control 
design of the augmented system such that the original cable robot system 
can realize not only the tracking of the objective velocity vector ?̅? in the 
free motion space (when 𝛕𝐞 =  𝟎) but also be passive when interacting with 
environment, we simply apply Li’s PVFC control rule. From [12], we can 
set a control input as 
?̅?(?̅?, ?̇̅?) = 𝑮?̇̅? + 𝜸𝑹?̇̅? = 𝝉?̅?(?̅?, ?̇̅?) + 𝝉𝒇̅̅̅(?̅?, ?̇̅?)               (5.3.7) 
defining G and R as two skew symmetric matrices 
           𝑮 =
𝟏
𝟐?̅?
(?̅??̅?𝑻 − ?̅??̅?𝑻)                 (5.3.8) 
 𝑹 = (?̅??̅?𝑻 − ?̅??̅?𝑻)                    (5.3.9) 
where  
?̅?(?̅?, ?̇̅?) = ?̅?(?̅?)?̇̅?                               
?̅?(?̅?) = ?̅?(?̅?)?̅?(?̅?) 
?̅?(?̅?, ?̇̅?) = ?̅?(?̅?)?̇̅?(?̅?) + ?̅?(?̅?, ?̇̅?)?̅?(?̅?)               
This control input leads to two results: 
1) The trajectory tracking error of the total augmented robot system ( 𝒆𝒂̅̅ ̅ = ?̇̅? −
𝜷?̅?) can be globally exponentially stable which also make the original system 
exponentially convergent to the desired trajectory.  
2) System can be passive when there are external forces acting at the system.  
The proof of these two results can refer to [12]. 
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5.3.3 Satisfaction of the Tension Condition 
① Analysis of the Tension’s Condition 
The important thing left here is to adjust ?̅? of Eq.(5.3.7) to satisfy the 
tension condition (𝑻𝒎𝒊𝒏 ≤ 𝑻 ≤ 𝑻𝒎𝒂𝒙) which can be also represented as  
 (𝑻 − 𝑻𝟎)
𝑻𝑬(𝑻 − 𝑻𝟎) ≤ 𝟏                   (5.3.10) 
where 𝑻𝟎 =
𝑻𝒎𝒂𝒙+𝑻𝒎𝒊𝒏
𝟐
 , 𝑬 = 𝒅𝒊𝒂𝒈(
𝟏
𝒓𝟐
, ⋯ ,
𝟏
𝒓𝟐
), and 𝒓 =
𝒎𝒂𝒙 (𝑻𝒎𝒂𝒙𝒊)−𝒎𝒊𝒏 (𝑻𝒎𝒊𝒏𝒋)
𝟐
.  
From Eq. (5.3.3), since we select the B so that  ?̅? = (
𝑨
𝑩
) is full rank, we 
have 
𝑻 = ?̅?−𝟏?̅?                           (5.3.11) 
For 𝑻𝟎, there exists an corresponding ?̅?𝟎 that  
?̅?𝟎 = ?̅?𝑻𝟎         (5.3.12) 
Then, the cycle constraint Eq. (5.3.10) can be represented as 
(?̅?−𝟏(𝑮?̇̅? + 𝛾𝑹?̇̅?) − 𝑻𝟎)
𝑻
(?̅?−𝟏(𝑮?̇̅? + 𝛾𝑹?̇̅?) − 𝑻𝟎) − 𝑟
𝟐 ≤ 𝟎      (5.3.13) 
by considering Eq.(5.3.8). 
From ineq. (5.3.13), it is clear that we can change the value of 𝛾 to make the 
tension condition be satisfied. Based on this design, we can regard the left side of ineq. 
(5.3.13) as a function with variable 𝛾 
𝑓(𝛾) = 𝛾2𝒂𝑻𝒂 − 2𝛾𝒂𝑻𝒃 + 𝒃𝑻𝒃 − 𝑟2 = 0            (5.3.14) 
where 𝒂 = ?̅?−𝟏𝑹?̇̅? and 𝒃 = 𝑻𝟎 − ?̅?
−𝟏𝑮?̇̅? 
If there is no real solution of this function, the adjustable range of γ should not 
be existed. Therefore, besides the appropriate adjustment of γ, we also need to select 
an appropriate A̅. 
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② Method to Satisfy Tension Condition 
In order to satisfy the constraint (5.3.10), we need to minimize the norm 
of the vector 
∆𝑻𝒄 = 𝑻𝟎 − ?̅?
−𝟏(𝑮?̇̅? + 𝜸𝑹?̇̅?)                    
as possible as we can.  
If we select the inverse of the A̅ as 
?̅?−𝟏 = (𝑨+    𝑵𝑨𝑲)                    (5.3.15) 
where 𝐾 = 𝑑𝑖𝑎𝑔(𝑘1,⋯ , 𝑘𝑛−𝑚) can be selected to satisfied the equation, the 
vector ∆𝑇𝑐 can be rewritten as   
∆𝑻𝒄=𝑻𝟎 − 𝑨
+(?̅?𝑮𝒎 + 𝜸?̅?𝑹𝒎) − 𝑵𝑨𝑲(?̅?𝑮𝒏𝒎 + 𝜸?̅?𝑹𝒏𝒎)    (5.3.16) 
where ?̅?𝑮𝒎 and ?̅?𝑹𝒎  represent the first 𝒎 elements of the vector 𝑮?̇̅? and 𝑹?̇̅?, 
?̅?𝑮𝒏𝒎 and ?̅?𝑹𝒏𝒎 represent the remaining 𝒏 −𝒎 elements of the 𝑮?̇̅? and 𝑹?̇̅?. 𝑵𝑨 
represents the null space of the matrix 𝑨.  
  Notice that, if we select ?̅?−𝟏 as Eq. (28), ?̅? would satisfy ?̅? = (
𝑨
𝑩
) which is 
proved in [41]. 
Based on this Eq. (5.3.16), it is easily to know that, when we have a certain ?̅?, the 
norm of ∆𝑻𝒄 could have the minimum value by appropriately selecting each element 
of the diagonal matrix 𝑲 to make it satisfy  
 𝑲(?̅?𝑮𝒏𝒎 + 𝜸?̅?𝑹𝒏𝒎) = 𝑵𝑨
+(𝑻𝟎 − 𝑨
+(?̅?𝑮𝒎 + ?̅?𝑹𝒎))   (5.3.17) 
Thus, the minimum value of ∆𝑻𝒄 can be formulated as 
∆𝑻𝒄 = (𝑰 − 𝑵𝑨𝑵𝑨
+) (𝑻𝟎 − 𝑨
+(?̅?𝑮𝒎 + 𝜸?̅?𝑹𝒎))   (5.3.18) 
From this result, ineq. (5.3.13) can be written as  
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‖𝛾𝒘 − 𝒗‖ ≤ 𝑟             (5.3.19) 
where 𝒘 = (𝑰 − 𝑵𝑨𝑵𝑨
+)𝑨+?̅?𝑹𝒎 ,𝒗 = (𝑰 − 𝑵𝑨𝑵𝑨
+) (𝑻𝟎 − 𝑨
+?̅?𝑮𝒎). 
Result from the reverse triangular inequality, we can get 
 𝑟 ≥ ‖𝛾𝒘 − 𝒗‖ ≥ |𝛾‖𝒘‖ − ‖𝒗‖|        (5.3.20) 
Thus, after some algebra analysis, we obtain the condition for the control 
parameter γ as   
‖𝒗‖−𝑟
‖𝒘‖
≤ 𝛾 ≤
𝑟+‖𝒗‖
‖𝒘‖
             (5.3.21) 
Consequently, we can solve the tension’s problem following two steps:  
1. Select 𝜸 satisfying (5.3.21).  
2. Select the inverse of ?̅? as (5.3.15)~(5.3.17).  
Thus, we can overcome the problem brought by the limitation of cable tension so 
that to control the cable-driven robot tracking trajectory while keep the passivity 
contemporarily. 
5.4 Simulation Studies  
 
Fig.5.4 A 2-link cable driven manipulator 
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We performed simulations to verify the effectiveness of our method for a 2-DOF 
robot driven by 6 cables shown in Fig. 5.4 tracking a desired trajectory in the xy plane. 
The robot’s physical parameters used for simulation are listed in Table 5.1, where 
I1and I2 represent the inertial moment of each link’s center of gravity, m1and m2 
represent mass of link, and L1 and L2 represent the length of each link.  
𝐼1 0.625  kgm
2 
𝐼2 0.625  kgm
2 
𝑚1 1  kg 
𝑚2 1  kg 
𝐿1 1  m 
𝐿2 1  m 
Table 5.1 Physical parameter of the robot arm 
Trajectory Tracking Ability 
 
(a) γ = 1 
 
(b) γ = 5 
Fig. 5.6 Trajectory of the manipulator’s end-effector 
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Figs. 5.5 and 5.6 shows the position tracking results of the cable-driven robot 
while the control input tension T has been designed following Eq. (5.3.11). Fig.5.5 
shows the desired velocity field of a circle trajectory with center point (0.8, 0.8) and 
radius 0.5. In Figs. 5.6(a) and 5.6(b), γ is selected as γ = 1 and γ = 5 respectively, 
it is obvious that both selection have a good property of tracking the desired 
trajectory. 
Satisfaction of Tension’s Condition 
 
Total Upper and Lower bound  
 
Fig.5. 7 Upper and Lower Bound of the 𝛄 when 𝛄 is selected as γ = 1 
Upper and Lower bound at the Initial time 
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Fig. 5.8 Upper and Lower Bound of the 𝛄 when 𝛄 is selected as 𝛄 = 𝟓 
Total Upper and Lower bound  
Upper and Lower bound at the Initial time 
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Fig. 5.9 Value of the cable’s tension when 𝛄 is selected as 𝛄 = 𝟏 
 
Tension’s Result of total motion 
Tension’s Result of the Initial Time 
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Fig. 5.10 The value of the cable tension (𝛄 = 𝟓) 
In these two selection of γ, γ = 1 can satisfy ineq.(5.3.13)  while  γ = 5 is 
disable to satisfy this condition. We can check this following Figs. 5.7~5.8 
representing upper and lower bound in Eq. (5.3.13) while using each γ. 
From Figs. 5.7~5.8, it is clear that the selection of γ=1 satisfies the condition 
Tension’s Result of total motion 
Tension’s Result of the Initial Time 
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ineq.(5.3.13) in total trajectory tracking’s procedure while the selection of γ = 5 is 
not in the γ’s selectable range at the initial time.  
Figs. 9 ~10 show the cable tension’s result while robot is tracking the desired 
circle with different selection of γ in control input (Eq. (5.3.11)). The upper and 
lower bound of the tension value is set as 0N and 5N. 
From Fig.5.9, it is clear that when γ is properly selected, the cable tension may 
satisfy the tension constraint using our method. From Fig. 5.10, we see that, if γ is 
out of the range proposed in ineq. (5.3.13), the cable tension may not satisfy the 
constraint and cables cannot generate such a PVFC’s control torque in Eq.(5.3.11) at 
manipulator’s joint. 
 
Passivity of Total Robot System 
In xy plane, we set a stiff wall at the line x + y = 1 with a stiffness ratio 
ke = 100 and damper ratio de = 20 to test robot’s passivity after punching the wall. 
We select appropriate γ = 1 in the control torque. The trajectory tracking’s result can 
be shown as below. 
 
 
Fig. 5.11 Trajectory of the manipulator interacting with a stiff wall 
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Fig. 5.12 Cable’s Tension when robot interacting with a stiff wall 
 
 
Fig. 13 Total Kinetic Energy of the whole System 
 
From Fig. 5.11, we see that cable-driven manipulator perform well in trajectory 
tracking task while interacting with the environment. Meanwhile, from Fig.5.12, 
cables’ tension does not violate the constraint in this procedure. From Fig. 5.13, it is 
clear that the whole system’s kinetic energy would not exceed its initial value after 
punching the wall, which means that the passivity of the manipulator is satisfied. 
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Chapter 6 Conclusion  
In this thesis, in order to properly design the human friendly robot considering the 
possible application in human care and rehabilitation, three basic researches are 
performed to realize human friendly robot interaction. 
In the chapter 3, the optimal estimation of the position of object’s center of gravity 
has been performed using the force sensors installed on the upper arms of a nursing 
care robot. It is worth to notice that, here, the problem of the different position of the 
sensors and the contact points during the human robot interaction has been solved in 
this research. In order to verify the effectiveness of the research, we perform the 
simulation and experiment for two situations (single contact point and dual contact 
point). The results of simulation and experiment show that it can steady estimate the 
position of gravity center with little error. Since the model errors of the robot may also 
introduce some errors on the estimation, hence, in the future work, it is necessary to 
correct the model of the robot so as to estimate more accurately. 
On the other hand, in chapter 4, the thesis studied how to satisfy the robot’s 
passivity when the robot with model uncertainties to interact with its environment so 
as for the robot to keep its safety. In the first place of this research, robust passive 
impedance control approach was proposed. This approach adjusts the estimations of 
the robot’s dynamic parameters in a simple way. Thus, it can keep robot’s passivity 
under the existence of the model errors. However, the impedance control 
performances, such as tracking responses, still be influenced by the model errors. 
Then, we proposed a novel control approach for a robot with model uncertainties to 
perform dynamic interaction with environment. By introducing a reference impedance 
model as well as an observer, this approach can not only keep the robot’s passivity 
even for the time-varying impedance center, but also greatly improved the impedance 
control performances. 
Lastly, in chapter 5, focused on the fitness between the robot and human, a control 
method on cable driven robot system was proposed, which can adapt the human 
structure better than the traditional robot. The dynamic control of a cable driven robot 
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with the cable’s tension limitation as well as the cable’s redundancy were studied in 
order to complete the passive trajectory tracking control while keeping the passivity. 
Here, a virtual subsystem was applied to eliminate the redundancy of the original 
system so that it can easily transfer the tension constraint condition into the wrench 
space. Then, using PVFC control method, the convergence of the trajectory tracking 
and the passivity can be achieved. After analyzing this PVFC’s control input in the 
wrench space, a condition to adjust the control parameter was derived so as to solve 
the cable’s tension limitation. Compared with other previous researches, this method 
enables the trajectory tracking control of the cable-driven robot with an easy wrench 
adjustment algorithm and no heavy optimization for tension distribution. Simulations 
were performed to verify the effectiveness of this research. The comparison results 
showed that robot driven by cables can track the trajectory while keep its passivity at 
the same time very well. 
 Human friendly robot is more and more popular nowadays and no doubt it can 
support more and more tasks in human’s daily life in the near future. It is expected 
that, these three researches can help the development of next human friendly robot.  
There still remain problems needs to be considered in the human friendly robot’s 
design. For example, in order to generalize the robot’s use, we need to make the robot 
to adapt to different individuals. Considering the passivity research, in the previous 
and this research, we mainly discuss how to keep the robot’s passivity. We select a 
certain limitation of the energy transferring form robot to the environment. 
Nevertheless, sometimes, we have to change this power’s limitation to adapt the 
varying situation. For instance, for a rehabilitation robot, we can make robot to adapt 
to patients with different degree of motion ability lost by providing different degree of 
support power. In the future, we need to discuss about how to determine the energy 
limitation and how to change the limitation. Moreover, when we consider the 
cable-driven robot’s design, how to optimize the cable-driven robot’s structure to 
adapt individual’s different body structure is also a big problem. 
We cannot say that the research on human friendly robot is perfectly complete 
now. Actually, research on the human friendly robot can also be named as human 
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centered robot and it is a rethink of ourselves. Further consideration of this design 
from the inspiration in our daily life is expected to make it more comfortable and 
useful. 
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